Rbieee te rege 
dcabinained 


a rene erty oie 
terete 


pa ay mg ote oh 
eee 
fa nem nree Seek Bian oe 


wee 
Alanon enya reer peor 
be et ay UA HSN EN 
awe 


PIAS RP TN LOT ear 
emer e ery 
ney emer aS 
ra tenn ne 
28 62, emi wine 


eet 
Py wet d nea ah gi agency 
ee Sr et leslaatiel 


Shans Cw etm an ten ntroniegnitiregrawmnt . 
: en Raa eee ve Casey nee ahs my 
carte ae ote perenne nena 
a 


Fig eats siw ee 


a ad 


arent ves eke eee 


vee e 


yy 
U 
| 
yy 
des 
yy 
enioae 
A) 
OZ 


For 
NOT TO BE T 


ee eee 


For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


Gx apnis 


UNIOERSTEACIS 
ALBERTAENSIS 


QOD] 
University of Alberta 
Printing Department 
RDOOOOOOR 


Digitized by the Internet Archive 
in 2019 with funding from 
University of Alberta Libraries 


https://archive.org/details/Quadir1962 


THE UNIVERSITY OF ALBERTA 


STUDIES ON THE HYDRATES OF NICKEL CHLORIDE 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 
IN PARTIAL FULFIIMENT OF THE REQUIREMENTS FOR 


THE DEGREE OF DOCTOR OF PHILOSOPHY 


DEPARTMENT OF CHEMISTRY 


by 


SYED JAMAL QUADIR 


EDMONTON, ALBERTA 
FEBRUARY, 1962. 


TABLE OF CONTENTS 


ABSTRACT 
ACKNOWLEDGEMENTS 
LIST OF TABLES 
LIST OF ILLUSTRATIONS 
INTRODUCTION 

General 


Equilibrium Studies 


The Hydration Number of Nickel Ions in 


solution 
Kinetac Studies 
Structural Studies 
Objectives of the Present Work 
EXPERIMENTAL 
Equilibrium Studies 


The WiC) 


ae Hq? system 


The NiCl, ~ H,O-en System 


Kinetic Studies 

Infrared and X-ray Studies 
RESULTS 

Equilibrium Studies 

Kinetic Studies 


Infrared and X-ray Studies 


Page 


oo 
38 


54 
63 


68 
72 


jae 
106 


147 


y 


| he es Set) py ee ae Pe 


& 


Af 


vet 


2. THATHO: 


Levoca 
: a 
setbust2 mutsétt lypd 
feo if to tecmul ac tis ibyH oft 


PAC! 
nofgelos as 
ind 
estbhute otsenlt 
setbuse Letatounte 
xnoW sieaetd odd Te savtaetdo 


Bru: vi ul sit Bixa 


7 
ssibuts myladt Lupe 


mosey? OH + g fim eae 


mateve ws-0.H - 10D Sa 
Ss S$ aa, 

a _ ; 
esthuse offenta ~ 


sotou2e 
7 
_ 


erly ow onal 
—_ eee ont bol 


Page 


DISCUSSION 
Equilibrium Studies 162 
Kinetic Studies 176 
soructural, Studies 193 
SUMMARY 222 


BIBLIOGRAPHY Lak 


2 


asthuge mu tad LL typi i 
getbuse otek 
| | | 
aolbuse Larcusowes | ae: 
i he eo 
- - 7 OYA ve an if > 


YASARDO 1.18 Ta 


ABSTRACT 


Investigations on the nickel chloride-water system 
have revealed that the stable hydrates are: NiC1,,.6H,0, 
NiC1,.4H,0 and NiCl,.cH,0 in contradistinction to the sugges- 
tions of Castor and Basolo. Thermodynamic, kinetic, infrared 
absorption and X-ray diffraction studies confirm this conten- 
tion. 

The thermodynamic measurements on the NiC1,,-H,,0 
system revealed a stepwise character of the isotherm. The 
transition temperatures for the conversion of NiC1,,.6H,0 TO 
NiC1,.4H,0, and NiC1, .4H,0 tO Nicl,.cH,0 have been determined. 
From*the isotherms the solubility limits at different tempe- 
ratures were obtained. From the temperature dependance of 
solubility the heats of solution for NiCl,,.6H,0 and NiC1, .4H,0 


were “calculated, For obtaining absolute binding energies 


NG aye ce 


oo 2 a 


for .the water addenda, lattice energies for NiCl 5 


NiCl,, .4H,0 and NiC1,,.6H,0 were calculated. 
The atmosphere of the Ni(II) ion in aqueous solution 

and in the solid state has been found to be different. The 

temperature induced transitions observed in the solid state 


were not detectable in solution. In aqueous solution six 
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water molecules are symmetrically disposed around the Ni(II) 


Lonsiewheneascinethessolidkstate the structural:unit ‘is 


eo 
appearance of the structure of NiCl,,.6H,0. 


[wa cH, 0) C1 lias O. This has been confirmed by the recent 


The kinetics of the dehydration of NiC1,.6H,0 at 
different temperatures and with different desiccants of vary- 
ing efficiency were determined. A model for the mechanism 
of dehydration has been proposed. From the temperature de- 
pendancetofipthetrate of dehydration the activation energy for 
the conversion of Nicl, .OH,0 to Nicl 5-H, 0 was calculated. 

The infrared spectra of NiC1,,.6H,0, NiC1,,.4H,0 and 
NiC1,.2H,0 reveal certain distinct features. From the gra- 
dual emergence and disappearance of certain absorption bands 
it is evident that the only stable hydrates are NiCl,,.6H,0, 


NiC1, .4H,0 and NiCl,.2H.O. The bands at the O-H stretching, 


2 2 
O-H bending and coordinated water regions have been explained 
in terms of hydrogen bonding of the types O-H--O and O-H--Cl. 
From the frequency displacements,the O-H--O and O-H--Cl bond 
distances have been computed and compared with those reported 
in the literature. The O-H--O and O-H--Cl distances for 
NiCl, »2H0 and NiCl p+ OHO have been found to agree reasonably 
with the literature values. Infrared spectra of some iso- 
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morphous hydrates of divalent ‘metal chloride of the first 
transition series were taken to determine the relation be- 
tween isomorphism and the infrared spectra. Jt seems quite 
probable from the infrared absorption evidence that NiC1,.4H,0 
is isomorphous with MnC1,,.4H,0. 

The stability of different hydrates in atmospheres 
of different relative humidity was examined to establish exact 
sel 


conditions for obtaining NiC1,,.6H,0, NiC1,.4H,0 and NiCl O 
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at room temperature. 
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STUDIES ON THE -HYDRATES OF NICKEL "CHLORIDE 


INTRODUCTION 


General 


Within the field of metal ion chemistry there is 
probably not a more widely recognized phenomenon than the 
tendency of the metal ions to attract and associate with 
other polar»species. These species may range from ions iof 
opposite charge through uncharged but polar Lewis acids to 
non-polar but polarizable Lewis acids. Within the group of 
compounds formed in this way none is more prevalent than the 
compounds formed by the interaction of metal ions with water 
and referred to as hydrates. For the purpose of discussion 
it is convenient to divide the hydrates into two subdivisions. 
theseywhicheorccursinssolutionrand those which oceur jAnethe 
aolidmsetate.” In solution the concept of hydrated metal 
ions is generally applied whereas in the solid: state. it is 
usualtitorspeak of salt hydrates... Thée «difference sbetween 
these two situations is undoubtedly more apparent than real. 
Probably the principal difference is that the situation is 


much less clear in solution. Here the actual arrangement of 
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the water molecules with respect to the metal ion depends 
upon the charge density on the metal ion and its consequent 
ability tonbreak downrthe watersstructuresy This, ability 
will, of course, vary from large monovalent cations where 
disruption of the water structure is negligible and the ion 
fits into the normal water structure by displacement of a 
water molecule to small polyvalent cations where the water 
molecules are pulled in to the extent that the resulting 
complex is, at least formally, analogous to an ammonia com- 
plex,inThe:iugziness in this picturesresults: from the high 
lability of the associated water molecules, the ability of 
the fundamental aquo-complex to influence the surrounding 
Water structure and the current uncertainty about the mode 
of attachment of the water molecules. Thus, recent studies 
have shown that the half time of exchange of water molecules 
in non-ligand field stabilized systems is of the order of 


5 


10 ~ seconds (1). A variety of methods of estimating hydra- 
tion numbers have been reported over the years and these 
naveryhelded jvalues ranging from 2°or .3 water-mohecules to 
as many as 30 or 40 (2). It has been such studies as these 
which have led» to the concept of first, second, third, etc., 
solvation sheaths. In view of Taube's observations (3) upon 
chromium(III) aquo ions in solution it would seem reasonable 


to acceptwas valid the concept of an inner or first solva- 


thon gheathewitich gives “tothe ion. the properties of a 
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normal complex ion of the ammine type. Subsequent solvation 
Sheaths must then be interpreted in terms of the influence 
of this. ion upon the remainder of the water structure. This 
may range from highly oriented molecules in the immediate 
Vieinity of-thei.on,to.tThose«which are not, significantly 
affected by the presence of.the metal ion and are in normal 
water structure positions. These latter molecules might be 
deseribed as free in-comparison with those which do lie under 
the anbiuencesofsthe~field of,the«metal:ions. «The-final-un- 
certainty is associated with the attachment of the water 
molecules. spectroscopic studies on the same system,.are not 
in agreement concerning the attachment of water molecules. 
The ESR results seem to indicate unsymmetrical attachment 

in the form of normal electron pair overlap. Whereas polar- 
ized infrared measurements indicated symmetrical attachment 
along the axis of the water dipole (4). 

Despite these difficulties some progress has been 
made toward estimating the energy of interaction of single 
water molecules with ions in solution (5). It seems rather 
more likely that information of this kind could be obtained 
from studies in which the atmosphere of the metal.ion is 
known and constant. This then suggests a study of the solid 
hydrated salts in an effort to determine such information. 
In. the. course of such a study it is necessary to.be able to 


isolate, identify and study all the hydrated salts that a 
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Most of the studies which have been made with a 
view to isolating and identifying salt hydrates originate in 
an equilibrium study which has its basis in the phase rule. 
However, over the years there have been efforts to use 
kinephberstudies forrthe identification of unusual or sun- 
stable phases. Studies of both of these kinds have been 
reported in the literature and will be discussed below. Once 
the systems for study have been identified it is necessary 
to know something of their structural relationships before 
proceeding to draw conclusions with respect to the energetics 
ofethextransformationsof one form into another. Until re- 
latively recently there has been little structural informa- 
tion on the salt hydrates. Currently, however, there is an 
increasing volume of such information becoming available in 
the ‘literatures These studies too will be discussed: below. 

Studies such as these which lead to an understand- 
ing of the nature and properties of salt hydrates with par- 
ticular reference to those of the divalent ions of the first 
transition metal series will form the bulk of this intro- 
ductory section. 

Equilibrium Studies 

With the advent of the crystal field theory some 

attempts have been made to correlate the hydration energies 


of the divalent transition metal ions on the basis of purely 
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electrostatic interaction effects (6). In the divalent and 
trivalent dons of the first transition series the heats of 
hydration vary in an irregular manner. However, when the 
estimated crystal field corrections are subtracted from the 
total heats, the residual values fall on a smooth curve in 
the so-called "natural order" (7). In view of the un- 
certainty associated with solvation energies it was thought 
worthwhile to attempt to estimate the metal-water inter- 
action energy under circumstances where the environment of 
the metal ion was more nearly fixed and understood. This 
objective suggested that the most easily dissociable metal 
complexes, metal hydrates, were worthy of examination. Thus, 
the nickel chloride-water system was chosen and has been 
examined by a simple, static vapour pressure-composition 
technique. The vapour pressure-composition behaviour of the 
NiC1,-H,0 system has not been extensively studied. However, 
Derby and Yngve (8) studied the vapour pressures of the 
systems containing water and magnesium(II), copper (II), 
cobalt(II) and nickel(II) chlorides in an isosteniscope in 
an effort to determine the number of hydrates in each system 
and their transition temperatures. For the nickel chloride- 
water systems only four compositions corresponding to mole 


ratios of H,O/NiC1, of 6, 5.74, 4 and 3.78 were studied. 


e 
From the vapour pressure-temperature curves the transition 


temperature for the conversion of NiC1,,.6H,0 TO NiC1,,.4H,0 
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was reported to be 36.25°C and from extrapolation of vapour 


pressure-temperature curves for NiCl, 4H O-saturated vapour 


fas 
H,O-NiC1,.2H 
and NiC1,.4H,0 NiCl,.2! 


i5O-saturated Vapour “che cranrsi.ti on vor 
NiC1,.4H,O into NiC1,.2H,0 was estimated to be "about" Te 


From the solubility measurements of Benrath, 


and Boye (9b) the hydrates reported were NiC1,.2H 


Z oe 
NiCl,.4H,0, NiC1,,.€H,0 and NiCl,.7H,0. Thies branedt tons item— 


peratures for the conversion of NiCl,.6H,0 tO NiC1,.4H,0 


0, 


and NiC1,.4H,0 TO NiCl,,.cH,0 were reported by Benrath and 
Boye (9b) to be 29°C and 64°C, 

In a study of the ternary system of nickel chloride- 
hydrochloric acid-water Foote (0: confirmed NiCl,.6H,0, 
NiC1,.4H,0 and NiC1,.2H,0 as the only identifiable species. 

Pearce and Eckstrom (9a) determined the solubility 
of nickel chloride in water at 25°C and calculated the acti- 
vity of the solvent and the partial and apparent molal 
volumes of the dissolved salt. 

It is apparent that the thermodynamic functions 
for the conversion of NiC1,,.6H,0 to NiCl,,.4H,0 and NiCl,.4H,0 
tO NiC1,.eH,, 


of the nickel(II) chloride-water system appears justified. 


O have not been reported. Thus, a careful study 


The phase rule states that for a system of C com- 
ponents and P phases 
PP pr ie eo a” oC 


where F is the number of degrees of freedom. A complete 


at Sti 


hot 


description of a two component system in a single phase would 
require three variables. These are most commonly pressure, 
temperature and composition. Isothermal variation of pres- 
sure with composition would lead to a diagram which shows 

the existence of specific phases. If such measurements are 
carried out at different temperatures then the effect of 
change of temperature on the system is observable also. 

Within specific temperature and pressure limits a 
particular metal hydrate is stable. Outside the temperature 
and pressure region of stability the hydrate in question is 
transformed irreversibly into some other form which is 
stable under the then existing conditions. 

Crystal hydrates may be classified into two extreme 
types from the standpoint of the shape of the dehydration 
isotherm (So, These are continuous dehydration and step- 
wise dehydration as shown in Figs. 1 and 2. ZGeolites inva- 
riably exhbbit continuous dehydration. When a pair of hy- 
drates are structurally so similar that they are able to 
form solid solutions the behaviour observed is that shown by 
solutions generally, i.e. a continous variation in vapour 
pressure which corresponds to the continuous change in the 
ComoGe tui a1 pune SOluction. It is only when there are 
distinct and separate phases that a marked discontinuity is 


observed upon transformation of one hydrate into another. 
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DEHYDRATION PRESSURE 


AMOUNT OF WATER DEHYDRATED Bigs. 
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AMOUNT OF WATER DEHYDRATED Fig. 2 


TWO EXTREME TYPES OF DEHYDRATION ISOTHERM: (a) THE 
STEPWISE DEHYDRATION, (b) THE CONTINUOUS DEHYDRATION: 


. 


For the reaction: 


NiC1,.(x+y)H50(.) == NiC1,.xH,0(.) + YH,0(,) 


the equilibrium constant is just the pressure of water over 


the solid. 


Van't Hoff isochore can now be applied. I1t is 


expressed as: 


a ink | OA 

aT RT 

or <style i 
at RTO 


By measuring the dissociation pressures at a series of tempe- 
ratures AH° can be determined. 

The integration of the above equation with respect 
to temperature (considering AH? as independent of temperature) 


would giver: 


O 

ineRe = — 4+ constant 
O 

log P = Peep + © 


Byeplotting,ioz.P.against 1/T a straight, line 
should be obtained with slope = ~AH°/4.576. From this rela- 
tionship AH® can be calculated. 


The Hydration Number of Nickel Yons in Solution 


The heats of solution of the various nickel chlo- 


ride hydrates were estimated at different temperatures 
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during the present work. It was therefore desireable to 
determine whether the hydration sheath of the nickel ions 

in solution remained the same over the range of temperatures 
used in the study. 

Grunwald and Bacarrella have shown that the dis- 
sociation of a salt in the mixed solvent water-dioxane 
produced a change in composition of the solution which 
was reflected in the composition of the vapour (13). This 
change corresponded to preferential solvation of the salt 
by one of the components of the mixture. Thermodynamic | 
treatment of the data indicated that the sodium ions in the 
solution were appreciably solvated. 

The mixed solvent method could also be used to 
investigate the atmosphere in the vicinity of nickel ions in 
solution. 

A solution of nickel chloride in water may be con- 
sidered to contain an aquo Ni(II) complex immersed in the 
water. It is assumed that a certain amount of water is 
bound to a Ni(II) ion in some symmetrical fashion, constitu- 
ting the primary solvation sheath. Outside this sheath the 
water molecules become less oriented to the nickel ion as 
the molecule-ion distance increases. 

At a distance of a few molecular diameters from 
the ion, the water may be considered as bulk solvent. Sup- 


pose now that a complexing agent is introduced into the 
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medium which displaces the water molecules from the sol-- 
vation sheath. Such a process would yield a solution pos- 
sessing effectively more water molecules than before. Due 
to the presence of the complexing agent, bound water would 
be released to the medium as free water. To satisfy such 

a picture the complexing agent has to fulfill certain re- 
quirements. The two basic requirements are that the 

change in solvation energy is minimum and the size and shape 
of the new complex does not materially differ from the aquo 
complex. It is known that the energy per bond with solvent 
water is not too different for water and ethylenediamine 
euler that the sizes of the nickel aquo complex, presumed 
to be Ni(H,0)¢", and Ni(en)3*" are quite comparable, and 


that their shapes are spherically symmetrical. The other 


similarity between Ni(H,0)¢" and Ni(en)*’ is the digpo- 


. 
sition of hydrogens. In both cases the hydrogens are pro- 
trudging into they medium. as shown in Mg. 3.+- Thus, 
ethylenediamine satisfies, to a first approximation, both 
the energetic and steric requirements. 

The addition of ethylenediamine to an aqueous 
solution of nickel chloride would liberate water and the 
system would become effectively more dilute with the 
addition of more ethylenediamine. The extent of dilution 
should be revealed by measurement of any property of the 


solution which depends upon the activities of the solution 
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constituents. The vapour pressure of a solution is such a 
property. If the vapour pressure of the solution is deter- 
mined as a function of ethylenediamine added, there should 
be a gradual increase as the water is being released, fol- 
lowed by a gradual decrease as soon as ethylenediamine in 
excess of that required to displace water from the primary 
solvation sheath appears in the solution. Thus, the 
position of inflection should indicate the number of 
ethylenediamine molecules in immediate association with 
nickel. By following the change of vapour pressure as a 
function of the ethylenediamine concentration the primary 
solvation number can be obtained. Such a vapour pressure- 
composition diagram at different temperatures would reveal 
changes in solvation number, if any, due to change of tem- 
perature. It is generally conjectured that at higher tem- 
perature the number of oriented water molecules in the im- 
mediate vicinity of the metal ion decreases (15). 

Thus, the preferential binding of ethylene- 
diamine by the nickel ion results in the liberation of 
water molecules from the primary solvation sheath. Ifa 
pair of solutions has the same vapour pressure, one con- 
taining ethylenediamine and the other not, then: aw= Aon? 
where "a" represents activity. Assume that the ions in 
solution which are of the same charge type are approxi- 


mately of the same size, and to a first approximation, 


seestont Lsubseta 8 “< 


bexiopet tadt I aegoxs 


ity 
ws 


i 


‘ 
(A 


<0 


=fo.smse eft to ete to Biw ot sd 


»frottemlrxot 


ot bone ,yente ome mee. 


a) 


sift . otros ves 
otreqe 


mottonyt. 2s as’ ber sa 


lavbsrg 6 vsebawol 
s 7 - , 


oer. dtsena nottavioe a 
toaltat to ad 


sfom enim tbenetvdde 
tiwollot Ya eecciasl 


7o TScmun nottevioe a 
rusib motdteogmos 


odd etatsteq 


7 1a 


bing ae : avnre 


“i 
te) 
7 — 


@ 


have the same solvent interaction characteristics. Then, 


invell propability, they will have the same activity 


goelficlents, <.2. Ni(H, 0)' Tas opposed to Ni(en),(H,0)7" : 


y 
If this assumption is correct it is likely that the water 


has the same activity coefficient in both the solutions 


and hence Cw = on 


Supposing the Ni(II) iceberg to be repre- 


sentable, on the average, as Ni(H,0)** and the Nien,”” 
iceberg as Nien, (H,0) 7" the following sequence of reaction 


Will be correct:: 


NACL, + aH, Oe Ni (H,0)7"4+2C1(H,0), +(a-x-2z)H,0 


rd 2 vag 


+ + 
Ni (H,, 0)" "+b#en Nien, (H 5° au +(x-y)H,0 


In NiCl,-water mixture the free water would be (a, -x-2z) 


2 


moles and in NiCl,,-water-ethylenediamine mixture (a,, -y-2z) 
moles. If two solutions which have equal concentration of 
water molecules are now compared: 

Ay ~X-2z = An -Y~ eZ 


Sak HT YS 


+ 


° | ° 15 
If the outer solvation sheaths of Ni(H,0), as 


Ni en, (H30) 7 are not very different then the molar dif- 
ference of the original water concentration should give 
the number of water molecules released per mole of 


ethylenediamine added. Thus, this offers a method to 


estimate the average number of water molecules laine ose 
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with the inner solvation sphere of the metal ion, 
Kinetic Studies 

Many attempts have been made to offer a mecha- 
nism for dehydration of specific hydrates (16-43). It 
appears from the observations reported in the literature 
that a general mechanism to explain the behavior of all 
salt hydrates is difficult to envisage. 

One model for the dehydration process has been 
proposed by Topley (44) and is shown in Fig. 4. The 
process of dehydration might be imagined as evaporation 
of water molecules from the surface of the hydrate, lead- 
ing to a dehydrated unstable phase possessing no clearly 
defined crystal.structure (Fig. 4(B) ). The rearrange- 
ment of this phase results in anew crystalline phase 
(Fig. 4 (C) ) (45). The presence of water vapour has been 
shown to accelerate this rearrangement (46). Presumably, 
adsorption of water on the surface leads to a condensed 
phageninrwhich ineorystallization ican woccur with \acreduced 
activation tenersy : 

Depending on the structure of the original 
solid-phase, «a number*of alternative processes can occur « 
during the dehydration of a system by reaction C1)" 


A (H,0),(Solid) = A(H 0). _(Solid)+yH,9(Gas) (2) 


Oo ‘x-y 2 
Aneideal zeolitesis the simplest case. Here the water 


molecules can pass in or out of the crystal lattice without 


oe 


ee : 


\ 
: eh 
"'~ 


_ 
, 


ot isvem: siid ‘to etedqa codgeve i? at 
«aioom 6 tstto ot sbem need sven edqmedde- a ie a. 
¢T .(€#+dL) astarbyd oltisege to nok 
wwterstt{l oft nt betroges ee SS 
Lis lo tolvaded edd atefqxe ot me tretogin Larter 
~susatvas oF Hiuotht2b Bb s tas ‘ b iol 

need asd Gasoorg nolterhydeb ent tot. a 2; any 
eft 4 .3fT ot mwore et bas (HB) y got i 40" 
noiverogave es bontgent sd gduim roids oye’ 0 a a 
-bsol .statbyd od¢ to sostwve sdt mort eesti welts! 7 
yineels on gntesseacg sasiq sfidetam bosanbigtnb #03 of 8 | 

-egnertset ocT .( (BH) ogra) cnutouete Leteyre & pontns 
Pay - 


sasdq subiieteyro wen s mt edluget candy a to tien 


pr - , : 
- nares ; A 


ased sad ‘wogsv rasaw to sonsgeng OAT {oe 

evidemvear? .(d4) Jmemennetiest alist e¢ re 

bearebros es ot shesl soetile oft Ao ieee 
booubes 2 “}iw ivoso mao mottdestiferssy | 


fsalgira edi to swiomite ent no gethnaget 

» %900 MBO BeRASooTg ovitenresis ‘to ‘wecmasn 

- 4{f) aotdoser ya aveme a> 

(r) co ath 
Tevew ods ero 9889 3 

tuodtiw sokttsl fesarro 9 


ay 4 


changing its structure appreciably. A second possibility 
occurs when the crystal structure of the dehydrated form is 
different from the original one but is ‘so related to it that 
a contact between two crystalline faces will not cause any 
discontinuity. A final possibility occurs when the dehy- 
drated crystalline form cannot be accommodated within the 
original lattice. The second and third cases are considered 
to be limiting. A certain thickness of the dehydrated pro- 
duct can always be formed on the parent substance without 
drs Loeatlonoot tThesstructure, .butebeyond this crbtical 
thickness breakdown would, except in the limiting case, al- 
ways occur. During the process of dehydration a layer of 
dehydrated product may be deposited on the parent substance 
and its transformation to a grossly or micro crystalline 
phase may be either immediate, gradual or delayed. Slow 
rearrangement to a new crystalline phase may be due to a 
high activation energy for the process. Usually a high acti- 
vation energy in such a step occurs when significant migration 
of the lattice units is necessary to produce the new phase, 
The rate of dehydration of a salt hydrate may be 
Boverned Dynanyeofathe: followingra the ratevofi nucleus for- 
mation, the rate of loss of water from the reactant/product 
interface, the rate of propagation of the reaction throughout 
the bulk of the solid or the rate of diffusion of water 


molecules through the solid product. 
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in-seperfect crystal of a salt hydrate There is no 
dislocation or crystal imperfection where reaction can occur, 
in - the case off areal crystal., containing imperfections. the 
free energy of formation is slightly less and the sites of 
imperfection are favourable for the growth of a new nucleus 
CUT). The induction period is dependent upon the number of 
Bites avallabple. -iivthereris an infinite’ number ‘of’ sites 
the induction period disappears completely. When a nucleus 
of the dehydrated phase is formed on the surface the reaction 
proceeds from it symmetrically. According to Garner and 
Jennings (48) the sites where nucleus formation takes place 
are limited and probably are the areas where there is some 
discontinuity in the lattice. These discontinuities may be 
normal crystal dislocations or other crystal imperfections or 
they may be mobile or immobile lattice vacancies formed due 
to the loss of water molecules. Mobile imperfections are 
formed when’ the water molecules are lost from the whole sur- 
face of the hydrate. The vacancies so formed diffuse to 
dislocations to form nuclei. Alternatively, water may be 
lost only from the disturbed areas. 

In the majority of hydrates the stability of the 
residual lattice on dehydration is low. The loss of water 
molecules produces a collapsed lattice on the surface. In 
hard vacuum the product of dehydration consists of disorga- 


nized minute crystallites having a large internal surface (49), 
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When dehydration takes place in the presence of relatively 
small amounts of water vapour, smaller than the dissociation 
pressure of the hydrate, the crystallites grow sufficiently 
in size to be able to diffract X-rays. Under the influence 
of water vapour the collapsed lattice crystallizes. The 

rate OL this transiormatian trem a collapsed to a crystalline 
piiase is critically dependent on the water vapour pressure 

as shown by Garner and Jennings (47), see Fig. 5.. The 

water vapour can effect the restoration of the lattice struc- 
ture of the original hydrate, as seen in common alum, or it 
can effect the formation of a new crystalline phase, as in 
copper sulphate pentahydrate (48). 

The dehydration curve observed for CuSO, .5H,0 (50) 
and Mn(C,,0)) .2H,0 (51), in presence of increasing pressures 
of water vapour show a minimum and a maximum as shown in 
Figs. 6 and 7. The initial decrease in rate has been inter- 
preted as resulting from the adsorption of water vapour in 
“ie wcapLitlaries:. The subsequent increase in rate is consider- 
ed due to catalytic influence of water vapour in forming 
nuclei of a new phase which facilitates escape of water va- 
pour. A minimum in the rate is observed because subsequent 
adsorption of the water vapour on the surface causes the’ back 
reaction to become important. 

The retardation of the growth of nuclei has been 


accounted for by Garner and Jennings (48) in terms of blocking 
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the reaction at the interface by adsorbed water molecules 


Which obeys a Langmuir adsorption isotherm. The relation is: 


PHO 
= Me + const. 


Witte HR. 18 the rate in vacuo and KR. the rate St p ».Mence 2 
O p H,0 


DLC. OL ae versus Py o gives a straight line. 
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Thus, the changes in the rate of dehydration in the 
presence of water vapour may occur in two stages. The first 
process consists of the separation of an amorphous phase and 
the second, the crystallization of this phase. The process 
of crystallization of the amorphous phase is accelerated by 
the water vapour. The rate of crystallization is the deter- 
mining factor for the type of decomposition curve obtained. 
Since the concentration of water vapour is an important fac- 
tor"for the crystallization process, the rate of dehydration 
depends very much on the concentration of water vapour. 

The dehydration of salt hydrates has been studied 
by a number of methods. Crowther and Coutts (52) studied the 
dehydration of salt hydrates on an automatic recording balance 
at LOO ee Under the same experimental conditions in the de- 
Piya 


hydration of CuSO) «5H,,0 and BaCl 0, discontinuities in 


nie 2 


the rate/composition curve were observed. The curves obtained 


under different conditions for CuS0,.5H,0 are shown in Fig. S; 
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CuSQ,  CuSO4:1H,0 CuSOq:3H,0 CuS0,:5H,C 


1&2 Fine crystals, thinly spread, |OO°C 


3 
4 
5 


Fine crystals, in thick layer; l|OO°C 
Fine crystals, in layer in weighing bottle, |OO°C 


Single large crystal, |OO°C 


Fine crystals, thinly spread; 220°C 
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for. chiniyaspread..ofine’ crystals <therémis 8 discontinuity 
corresponding to a definite hydrate. In the other cases a 
smooth curve resulted. The positions of discontinuities 
were however dependent upon the size and placement of the 
hydrate particles. The same type of discontinuities were 
not observed for the dehydration of the hydrates of magne- 
Sium, manganese, nickel, cobalt and zinc sulphates and 
strontium, cobalt and manganese chlorides. 

Crowther and Coutts recognized three types of be- 
haviour in the dehydration of crystalline salts forming more 
than one hydrate. When the dehydration proceeds slowly at 
ordinary temperatures, approximately equilibrium conditions 
are present. Under these circumstances the rate of evapo- 
reclroneisroractically constant) andi ssproportional to’ the 
fixed vapour pressure. When the evaporation takes place at 
a higher temperature there is continuous reduction of the 
rate of loss of water due to the slowness of removal of water 
vapour from the surface. This slowness may be diffusion 
controlled. When dehydration is carried out at a higher 
temperature and the removal of water is facilitated by using 
small crystals in thin layers, there is a distinct disconti- 
ANALY. 

The reason for the distinction between one hydrate 
and the other was not advanced due to the lack of knowledge 


of the space lattice of the crystals and the forces involved 
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in the separation of water molecules from the crystal surface. 
A tentative explanation for the discontinuity in Cuso) «5H,0 
and BaCl 


-cH,O0 was offered on the basis of Langmuir's theory 


% 2 
of heterogeneous reactions which proceed only at the actual 
phase boundary. 

Tate and Warren (53) studied the dehydration of the 
salt hydrates by entrainment distillation with liquids im- 
miscible with water. By plotting the water collected during 
dehydration against time three types of curves were obtained: 
(a) uniform dehydration from the initial to the final states; 
the rate remaining either approximately constant or falling 
rather steadily to become negligible when the end product is 
reached, (b) dehydration proceeded at a constant or gradually 
decreasing rate up to a certain composition at which a sudden 
decrease occured in the rate of dehydration, (c) dehydration 
proceeded smoothly to a certain point at which a sudden in- 
crease in the rate of dehydration occurred. 

The discontinuities have been observed to occur at 
the composition of a definite intermediate hydrate. Tate and 
Warren remarked that although a discontinuity in a dehydra- 
tion curve may be an evidence for the formation of a hydrate, 
the absence of a discontinuity is not to be taken to indicate 
that the intermediate hydrates are not formed. The situation 
is analogous to that found by Crowther and Coutts (52), 


where formation of lower hydrates was not revealed in certain 
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hydrates where they were known on the basis of independent 
evidence. Contrarywise, discontinuities have been observed 
by Ghosh (54) for NiSO), .6H,0 corresponding to 1, 2, 3, 4, 
and 5 water molecules. This does not necessarily mean that 
these hydrates exist. 

An attempt to revive the kinetic procedure for the 
identification of hydrates has been made recently by Castor 
and. Basolo (55). A general theory has been proposed to 
account for the discontinuities observed in the rate/composi- 
tion curves. The heterogeneous reaction of the type repre- 
sented by equation a) may proceed autocatalytically due to 
the availability of local energy as a result of the rapid 
reorganization to a more stable crystal lattice. In an auto- 
catalytic reaction the gross rate of decomposition is very 
small both near the beginning and near the end of the reaction 
and rises to a maximum between these extremities. In the 
region corresponding to the intermediate compound, the rate 
of the first decomposition process slows down due to smaller 
concentration of the reactant and the second decomposition 
process is slow due to a smaller number of nuclei present for 
the progress of the reaction. Thus, the gross rate of re- 
action shows a minimum at or near the composition of the 
intermediate, regardless of the possibility of some overlap 
of the two bounding decomposition curves. As long as the 
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of two reactions over a considerable composition range or due 
to less frequent observations, the minimum is detectable. 
The rate versus composition curve is an integral curve and 
approaches the true differential curve when the time or com- 
position increment is made to approach an infinitesimal value. 
The observed shape of the dehydration curves was found to 
resemble inverted parabola as anticipated from the theoreti- 
cal considerations. By this technique hydrates of correct 
composition and some hitherto unknown hydrates were revealed. 
The reason proposed for some of these unknown hydrates not 
having been detected by other means was their close similar- 
ity with known hydrates and the general insensitivity of 
thermodynamic measurements. 

The types of discontinuities observed by Castor 
and Basolo (55) are shown in Figs. 9 and 10. The basis on 
which some of these hydrates are reported leave room for 
criticism. |. It appears that the discontinuities are carefully 
selected. From the rate versus composition curves it can be 
seen that some minima have been assigned to a particular 
hydrate whereas other minima have been neglected. As an 
example such is the case for calcium chloride hydrate as 
shown in Fig. 9. The rate minimum at H,0/CaCl, ~ 4 has been 
considered resulting from the existence of CaCl,.4H,0, 
whereas an exactly similar minimum at H0/CaCl, ~ 3.5 has 


been neglected. The dehydration curve for zirconyl chloride 
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hydrate shown in Fig. 10 exhibits ill defined minima and it 
seems difficult to justify the existence of hydrates on the 
basis of these minima alone. The monotonous decrease in the 
rate of dehydration strongly suggests that the dehydration is 
eceuringatfrom: a-mixture of hydrates. ..1It is rather uncertain 
to associate these minima with hydrates of fractional water 
content. From the spread of the experimental points it does 
not seem unreasonable to draw a smooth curve through them, 
The picture presented by Castor and Basolo (55) seems to be 
oversimplified. 

The dehydration of a salt hydrate in a closed sys- 
tem in a desiccator in the presence of a desiccant would 
depend not only on the rate of loss of water from the hydrate 
but. also.on the rate at which the desiccant absorbs water. 
The process of dehydration for such a system may be consi- 
dered to consist of liberation of water from the hydrate and 
the pressure build up due to such a process. in the presence 
of a desiccant the water liberated may either go back to 
the original hydrate or remain adsorbed on the dehydrated 
surface or disappear by absorption in the desiccant. Where 
the desiccant has an aqueous tension much lower than the 
vapour pressure of the hydrate, the probability of water re- 
turning to the original hydrate is reduced. However, the 
adsorption of water on the dehydrated surface probably does 


occur and this may slow down the process of dehydration. The 
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other process which influences the dehydration rate is the 
diffusion of the water molecules through the bulk of the 
solid substance. 

For a very simple case it can be assumed that the 
rate determining step is either the rate of liberation of 
water from the hydrate or the rate of hydration of the desic- 
cant. In the case of desiccants like magnesium perchlorate 
and phosphorous pentoxide the rate of absorption of liberated 
water is very fast and the result is that the rate determi- 
ning step mustebe the rate of liberation of water from the 
hydrate. This picture is very simple and may not’ be appli- 
cable to all systems. There could be other competing pro- 
cesses such as recrystallization and -lattice rearrangement 
which can influence the rate determining step. 

Lf the rate determining step is the liberation of 
water from the hydrate then the other conditions to be ful- 
Tidled for) tmesreactionctor be. autocatalytic are.that’ the 
locally available energy accelerates the dehydration and the 
free energy of the product phase be less than the reactant 
phase. When this is the situation the differential rate 
versus composition curve would be similar to that suggested 
by Castor and Basolo (55) where minima occur corresponding to 
a definite phase. However, effectiveness of the method for 
the identification of hydrates is questionable, Minima do 


not always occur at, the exact composition corresponding to 
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an intermediate hydrate due to considerable overlap of the 
decomposition curves arising from different decomposing spe- 
cies. Thus, the placement of the minima with respect to a 
certain position would depend on the competing reactions 
taking place in the system. Even if it is assumed that the 
process taking place is as simple as proposed by Castor and 
Basolo (55), it can be seen from their graphs that there are 
many essentially equivalent minima. Some were taken to in- 
dicate the formation of a particular hydrate, whereas others 
were said to be meaningless. The time interval chosen for 
following the progress of reaction is an important conside- 
ration, For longer time intervals the minima may not be 
detectable due to an averaging of the size of the increments 
which would make the differential decomposition curve appear 
smooth, whereas smaller time intervals would reveal the struc- 
ture of the differential decomposition curve manifested by 
the interplay of other competing processes. The choice would 
however depend on the limits of the experimental precision 
and the velocity of the reaction. 

The differential dehydration curve for nickel 
chloride hydrate following Castor and Basolo (55), is shown 
in Fig. 11(), plotted as the rate of loss of water per hour 
versus composition. ‘When the rate of loss of water per two. 
hours .is plotted versus composition, the curve assumes the 
form shown in Fig. 11(2). As predicted. above, the increase 


of time interval makes the curve appear more smooth, Sirice 
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there are no data for smaller time intervals (56) it is im- 
possible to determine the form the decomposition curve assumes 
undénethéeése "conditions: The plot in Fig.-11(1), is not justi 
fiable since all these are not the experimentally determined 
points but an average value of longer time intervals. Factors 
which have a pronounced effect on the appearance and place- 
ment of the minima are the adsorption of water on the dehydra- 
ted surface, which decreases the rate of dehydration, and the 
migration of the interface, neither of which -can be controlled 
experimentally. 

The hydrates suggested by Castor and Basolo (55) 
for ‘nickel chloride -are; NiCl,.6H,0, NiC1,,.5.5H,0, 
2H,O0..’ It-..is very interes- 


2 2 
ting to see how the existence of the unusual hydrates has 


NiC1,.5H,0, NiCl1, .4H,0 and NiCl 


been rationalized. Meerwein (cf. ref. 56) had studied the 
reaction of concentrated aqugous and alcoholic solutions of 
NiC1,,.0H50, and found that solutions of "sufficient" concen- 
tration exhibited acidic properties. Meerwein explained this 
as due to the coordination of water molecule to form a metal- 
oxygen bond with resultant weakening of the oxygen-hydrogen 
bond and an increase of the acidity of the hydrogens. The 
resultant species was formulated as H(M(0H)) . Castor and 
Basolo invoked this formulation to write the preliminary 


structural formula for NiCl,,.6H,0 as H[N1 (#50) (0H) C1, ] or 


H,, [Ni (#0) ) (OH) xia 
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The compound H,[Ni(H,0), (OH),c1J olates and di- 


olates to NiC1,.5.5H,0 and. NiC1,,.5H50 reapectivelyaaccording 


to the following scheme: H 


ati 9[N1 (H30) (0H) 901.5] =H, [01,,(0%) (11,0) ,0v4 Ni (H0) (0H) .61,] +H,0 
q 


=11, [C1 (OH) (H,0) ya” \N4 (41,0) 3 (0H) .01., 
H 


=H, [C1,( : 


Yo 
TOO SS: 0). (OH)C1,] +H,0 
H 


The resulting dimer again condenses to NiCl,.4H,0: 


which on further dehydration becomes: 
. H 


[N 
Hy |G Bee 
ul - ee F Lo] 

H 

O 

H 
with the resulting octahedral coordination of four Ol1- 
linkages between any two nickel atoms which is impossible due 
to steric reasons. Thus, the colour change for NiC1,.4H,0 


from green to yellow NiC1,-CH,0 has been ascribed to a change 


. a | | 
| / es fn a 


2 *§h be > ey 8 f te Ht Di H) 1M), Ji be ni i" 
} unibross: visvidosgasy 0- ie ro or. bas Oates : foe ‘ ot a6 


— 
i 
c 
' 
= 


wal 


ome aang varts 
0, + | £0: rise) afDe yeu a) (O11) i) (H@) Bs) i His [9 (oho nth 


[ 20, (80). 0.0 
| Oy 


ee! 
Ont+ a [OHO )<(0 gti) A vial 


ented ry Og 


> 
osd solseriydeb tedtil ne slob 
ri hs 7 


os oo 


[. ik g ly 


| - ae 
ae be 


° » 


| -I0 wot to wotve Sf Lbx900 tare ae th: 
eubh sldteaoam et dotri amots Lesioim owt 
0 oll Pyolt JI% tot syqeno: oe otae ve sat 


sabriiitin s o¢ hediroes aged ane oti 
a i 
- panne 


——— 


a3 


of coordination number from 6 to 4. The half hydrates, 
colour change, constitutional water (NAC1,,.2H,0) and acidity 
of aqueous solution were correlated on the basis of the con- 
densation hypothesis. 

To determine the nature of the dehydration process 
for nickel chloride hydrates, measurements were made in dif- 
ferent desiccants without any elaborate precaution. In order 
to obtain a true measure of ‘the extent of decomposition it was 
essential that the water liberated during the decomposition 
was removed immediately from the mass of crystals. Under at- 
mospheric pressure the water remains entangled in the crystals 
and evaporates much more slowly than the true reaction rate. 
Thus, the dehydration rate was also followed in vacuum, on 
a quartz spiral balance, under controlled conditions at dif- 
ferent temperatures to obtain the temperature dependence of 
the reaction rate and calculate the activation energy of the 
process. A distinction may be made between the vacuum and 
non-vacuum methods used in the present study. When water is 
removed from the interface by the use of vacuum, rapid dif- 
fusion of water molecules takes place. In non-vacuum system 
removal of water vapour influences the kinetics of the process. 
Structural Studies 

The actual arrangement of water molecules in the 
hydrates was classically inferred from their dehydration be- 
haviour under varying circumstances. On this basis water 


molecules within crystalline hydrates were classified as water 
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of constitution, co-ordinated water, anion water, lattice 
water and zeolitic water. Because this approach did not 
yield fundamental information about the placement of water 
molecules within the crystal lattice it has been superceded 
by an approach based upon structure determination. In the 
final analysis there is no better approach to relating be- 
haviour to structure than by actually determining the struc- 
TUDE. 

It is expected on the basis of general considera- 
tions that the environment of the metal ion would be governed 
by the usual factors affecting crystal structure. These are 
radius ratio, electroneutrality and minimum energy. The 
familiar criteria may be modified in the case of metal ions 
which contain unfilled d: orbitals by the interaction of po- 
tential ligands with these potential bonding orbitals. The 
high incidence of hexahydrates among divalent ions of the 
first transition series lead to the conjecture that M(H,0) 2+ 
was present as a separate and identifiable unit in the crys- 
tal lattice. This, however, is dispelled by the structure 
for CoC1,,. 6H,,0 shown in Fig. 12, possessing a Co(H,0)),C1,.2H,0 
unit (57). This general structure appears not to be unusual. 
Another example of this general sort of structure is shown 
in Fig. 13, where it is seen that in CuSO) .5H,0, the fifth 
water molecule is differently situated than the other four 


(58). Four of the water molecules are arranged in a plane 
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THE SCHEMATIC REPRESENTATION OF THE 


CRYSTAL STRUCTURE OF CoCl,:6H,0 


12 


The Environment of the Fifth HO Molecule (Centre) in CuS0O,°5H,0O 


Fig. VEG 


The Structure of CuCl,-2H,0 
Fio.14 


gos 


around the metal ion, and are directly associated with it. 
The fifth water molecule is attached to two oxygens of SO, 
and to two of the water molecules directly associated with 
the copper ion. There are then two environments for water 
molecules in these two hydrates which are not equivalent in 
terms ‘of Dinding energy within the crystal lattice. ~The’ lat- 
tice water may or may not be most strongly bound, but what- 
ever the binding energy for these water molecules it has no 
relation to the strength of interaction between metal ions 
and water molecules. In the case of CuCl,.2H 


e 
14, the water molecules are directly co-ordinated to the 


0", shown in Fig. 


metal ionand are structurally equivalent (59,60). 

In these examples the structure of the hydrates 
have been influenced to a greater extent by the co-ordination 
number of the metal ion than by any other single factor. It 
would appear, on the basis of a limited number of examples, 
that in a series of hydrates of the same metal ion the struc- 
ture is governed to a large extent by the tendency of the 
metal ion to maintain the same co-ordination number. When a 
higher hydrate loses water and is converted to a lower hydrate 
the remaining groups migrate to compensate for the water 
whith is lost. The structure and composition of the new hy- 
drate depends upon maintenance of the co-ordination number of 
the metal ion, minimum migration of the remaining ligands and 


minimum energy for the new system. Consequently, the struc- 
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tures in a series of hydrates ought to be related to one an- 
other by simple translation of groups. The structure of 
CoC1,,.6H,0 is very different from CoCl,,.cH,0, because four 
co-ordination positions are occupied by water molecules and 
two co-ordination positions by chloride ions in the former 
case whereas in the latter, four co-ordination positions are 
occupied by chloride ions and two co-ordination positions by 
water molecules. However, it is possible to convert one into 
the other in a fairly straight-forward manner. The structure 
of CoC1,.2H,0 is shown in Fig. 15 (61). 

The influence of anions is evident from a compari- 
son of the structures of NiC1,.6H,0 and NiSO).7H,0. In 
NiSO) .7H,0 there is one water molecule more than is required 
to fill the co-ordination sphere around the metal ion. In 
the hydrated salts of oxy-ions, such as sulphate, additional 
water molecules can be held between the nickel water units 
and the oxy-ions by means of O-H--O bonds. This arrangement 
May pe similar to that shown in Fig. i3 for CuSO).5H,0. The 
hydrogen bonding of the type O-H--O is: stronger than that of 
O-H--Cl, and, as a consequence, the oxy-ions can more easily 
accommodate the extra water molecule than can the simple 
rons .Lee chloride: 

Comparison of the infrared spectrum of a compound. 
in the solid with that in the liquid or gaseous states re- 


veals that both the frequency and the number of the absorption 
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Top - Structure of CoCl,-2H,0 Projected Along c-axis 


Bottom - Structure of CoCl,-2H,0 Projected Along b-axis 
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bands may change. The frequency changes which occur upon 
entering the solid state generally result from the increase 
in’-the ‘intensity of interactions of the vibrating units with 
the atoms of neighbouring molecules, which are in closer pro- 
ximity in the solid phase. These changes may become important 
in those cases where hydrogen bonding is possible. 

A hydrogen bond exists between two atoms when the 
hydrogen atom of an X-H bond is located between them in such 
a’manner that it can interact with the second atom R to form 
an X-H...R unit. The two hydrogen bonded atoms may be the 
same or different and may be in the same or different mole- 
cules. The properties which they must have in common are 
nesative character and relatively small size. The more 
electronegative the atoms the stronger will be the electro- 
static interaction with the hydrogen. Although the residual 
charge on the bonding atoms is of primary importance, the 
X...R distance will also play a role in determining the mag- 
nitude of the effect produced. This is really a dipole- 
dipole or ion-dipole interaction, and as a consequence will 
fale off*rapidly with distance 

In considering the influence of hydrogen bonding 
upon infrared absorption frequency it is convenient to take 
as an example the interaction of an O-H bond with a neigh- 
bouring oxygen. A free O-H group has a sharp absorption band 


at 3680 em™> (62), which is due. to the normal stretching 
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vibration of the O-H bond. When an electronegative atom, such 
as oxygen, is placed in sufficiently close proximity to an 
O-H group that hydrogen bonding can contribute to the energy 
of the system, the O-H group is no longer free. The vibra- 
tion frequencies characteristic of a molecule depends on the 
masses of the vibrating atoms and on the restoring forces 
which operate when the molecule is distorted from its equili- 
brium configuration (63). These restoring forces may be 
assumed to be proportional to the distortion in the molecule 
(64), and the proportionality constant relating the restoring 
force to the distortion is called the force constant. It 

has been used to estimate the bond strength (65). A simple 
potential energy diagram is shown in Fig. 16. The potential 
energy is dependent on the interatomic distance, and is a 
minimum at the equilibrium distance. Thus, the bond strength 
is maximum at the normal equilibrium distance. If the equi- 
librium distance is increased for any reason the potential 
energy curve becomes both broader and shallower, This cor- 
responds to a decrease in the bond strength and since there 
is a relationship between bond strength and characteristic 
band frequency, the frequency of vibration decreases. Thus, 
any potential field which can modify the bond strength due to 
change in bond length leads to a shift in the frequency of 
vibration. When the free O-H bond becomes a part of an 


O-H...0 system it is weakened as a result of stretching of 
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the bond, and change in the effective electron density asso- 
ciated with the bond which affects both the ionic bond cha- 
racter and the dissociation energy (66). Both of these 
effects can cause the absorption frequency to decrease. The 
magnitude of the frequency shift provides a tool in estimating 
the interaction energy (67) associated with the hydrogen bond. 

Hydrogen bond formation causes changes in both the 
frequency and intensity of absorption. The frequency beha- 
Viour is indicative of the potential function maintaining the 
equilibrium configuration. The intensity behaviour is indi- 
cative of the charge movement due to the distortion of this 
configuration. The frequencies influenced by hydrogen bonding 
are shifted and broadened or split. The explanations ad- 
vanced for both broadening and splitting of bands have been 
controversial for many years. The broadening was considered 
to be associated with the sensitivity of hydrogen bonds to 
intermolecular influences. In the case of weak hydrogen 
bonding there are fewer hydrogen bonded forms interacting to 
influence the breadth of the band. Consequently at lower 
temperatures, due to quenching of some of the hydrogen bonded 
forms, or in the vapour state, where only small (two or three 
molecule)hydrogen bonded units can form, the discrete struc- 
ture of the band was observed. In the case of strong hydro- 
gen bonding, due to the greater number of hydrogen bonded 


configurations, the width of the band is less dependent on 
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the state of aggregation. Presumably this results from the 
larger numbers of hydrogen bonded configurations not being 
sufficiently sharpened by the reduction in temperature to 
remove the overlap of adjacent bands and reveal the structure 
of the band envelope or from the larger aggregates permissible 
in the gas phase. Another intermolecular mechanism has been 
suggested (68). It is suggested that one of the bands is the 
true hydrogen stretching band and the others are combination 
bands arising as the result of the simultaneous excitation 
ofsmore than-one mode of vibration which: distorts the’ poten- 
tial energy surface. When the potential energy surface de- 
Parts i romwatsimplewharmonicsform it giveserise to strong 
combination bands which are very sensitive to intermolecular 
influences. Molecules are deformed by intermolecular forces 
and the nuclei vibrate around new equilibrium positions. if 
the potential energy surface is anharmonic the potential con- 
stants differ for different equilibrium positions. Thus, 

the bands merge into a broad hydrogen stretching band. 

The changes in intensity have been ascribed to 
either altered ionic character of the bond (69) or altered 
contributions of charge transfer forms (70). Huggins and 
Pimental (71) have shown that a choice between the two models 
may be made on the basis of a study of the O-H bending modes. 
If .an+inerease in intensity in the-stretching region is due 


to inereased ionic character of the bond then a similar effect 
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should be observed in the bending region. The charge trans- 
fer model attributes no unusual charge properties to the 
proton. and consequently intensity increase will not be ex- 
pected in’ the bending region. The intensity changes in the 
two regions support the charge transfer model. 

When the number of bands changes, the change may 
take the form of disappearance of existing bands of the 
appearance of new bands. Any new bands which appear are 
characteristically dependent upon the structure of the par- 
ticular phase being considered. In the solid state disap- 
pearance of bands may be due to the rigid orientation chk whats) 
molecules which eliminates rotational isomerism. For example 
w-chloroacetophenone has two carbonyl absorption bands in 
the liquid state but only one in the solid state (72). 

The appearance of additional bands is a more common 
phenomenon. Kletz and Price (73) have proposed several ex- 
planations for «such a behaviour. In the solid State the 
environment is fixed and stronger intermolecular forces exist. 
That shoulder observed in the liquid state became a doublet 
in the solid state was explained as probably due to. higher 
resolution of the spectra in the solid state. Splitting or 
the energy levels, or transitions forbidden in one state be- 
coming allowed in another due to crystal symmetry, may give 
rise to a new band. But the explanation preferred by Kletz 


and Price for their observations of the infrared spectra of 
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various solid and liquid alkylphenols is that two isomeric 
forms may exist in the liquid state-of which one is more sta- 
ble’ than the-other. The nature of packing in the crystal 
may require the formation of a considerable proportion of 
both forms despite their difference in thermodynamic stabili- 
ty. Another important factor is that in a crystal the same 
elecuilestoccur :ingdifferent environments. qThen;..even,though 
all the molecules in the unit cell are isomeric, a difference 
in their molecular environment may cause a difference in the 
frequency of absorption of two otherwise identical molecules. 
Those which are susceptible to intermolecular hydrogen bond- 
ing are particularly sensitive to the effect of environment. 
Thus, the unit cells may be packed in such a way that inter- 
molecular hydrogen bonding is favoured in one case but not 

in another. For instance, the splitting of the original 
Single band due to in-phase and out-of phase vibrations of the 
Same groups in different molecules has been observed for the 


«(CH rocking mode in polyethylene (74). 


on 
Evidently then the spectral differences in the solid 
State as opposed to the liquid or gaseous state are, as a 
first approximation, consequences of the influence of the en- 
vironment of the ‘molecules in the crystal lattice. This is, 
however, an oversimplification of the situation for there is 


now only qualitative understanding of the interplay of the 


factors which produce spectral changes in the solid state (75). 
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Thervée-are some practical difficulties in obtaining 
spectra of the solid phase. The most important of these are 
control of sample thickness and elimination of reflection and 
scattering of light from the surface of the solid. The methods 
available are thinly spliced or deposited solid mounted di- 
rectly on the cell window, suspension in a high boiling petro- 
leum oil (Nujol), polytrifluorovinyl chloride (Fluorolube), 
or hexachlorobutadiene etc., dispersing in a powdered alkali 
halide, “particularly KBr, and pressing into a-clear disc. 
These methods all have both advantages and disadvantages. 

The first method has been traditionally used for min- 
erals which are easy to handle as thin polished sections (76). 
However, very fine powders may be spread fairly uniformly 
on the surface of an alkali halide window either by hand or 
allowing a suspension to settle out slowly (77). In this lat- 
ter case sample preparation is tedious, uniform sample thick- 
ness is difficult to achieve, preferred orientation of the 
particles on the surface can give erroneous intensity ratios. 
Reproducibility and the general quality of the spectra are 
poor. Because of these shortcomings the matrix-free technique 
is now little ‘used. 

A mull is a paste of the sample material in an oil 
prepared by grinding the ingredients together. Most solids 
can be studied in this manner. In order that an oil be a use- 


ful mulling agent it must have high density, viscosity, 
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refractive index and low absorbance in the spectral region of 
interest. However, it is difficult to obtain ‘and maintain a 
uniform suspension of the sample, and the length of the optical 
path cannot be accurately controlled. Hence for qualitative 
work mulls are very useful but they are of limited usefulness 
for quantitative intensity measurements. 

The KBr-pellet technique (78) yields quantitative 
and reproducible spectra of solids. It has the advantage of 
the absence of an absorption band of the dispersing or ‘sus- 
pending medium and the possibility of controlling the sample 
weight accurately. Unfortunately there are disadvantages 
associated with this medium which are now becoming understood. 
These difficulties have been critically reviewd by Duyckaerts 
(79). The influence of KBr on the spectrum of a solid may be 
caused by a number of factors which range from simple adsorp- 
tion to:chemicalreaction. It is very difficult to:eliminate 
moisture in preparing KBr disces even with dry box techniques. 
At the very least water gives rise to a band and might even 
cause hydrate formation or hydrolysis of compounds. When the 
region of interest happens to be the O-H frequencies, it does 
not seem to be suitable. The close contact during grinding, 
vibrating and pressing, between the dispersing medium and the 
substance may give rise to chemical reaction as in the equation: 

XR + KBr ----¥4 KR + XBr 


Benzoic acid mixed with potassium bromide is transformed into 
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potassium benzoate in a ball mill (80). Mixed crystal for- 
mation can take place as in the case of alkali bifluorides 
(81). The distortion of the crystal structure can take place 
to produce spectra identical with those of liquids as in ben- 
zil (82). Complex formation between KBr and the substance 
may lead to frequency shifts and band splitting as in the case 
of thiourea (83). Baker (84) has critically evaluated the 
factors which influence the changes in pellet spectra. The 
basis of choice between mulling and pelleting depends on the 
region of the spectrum of interest and also the kind of infor- 
mation desired. 

Early in this century Coblentz (85) studied the 
infrared spectra of minerals in an effort to distinguish be- 
tween water of crystallization and water of constitution. 

The criterion used for distinguishing water of crystallization 
from water of constitution was the presence of all the absorp- 
tion bands of water in the former case and absence of some in 
the latter case. Liquid water absorbs strongly at about 3.eu 
anad°6,3u and it was found that in all crystalline compounds 
containing water of crystallization these bands were present. 
From the spectra reported by Coblentz it can be seen that the 
band at 3.2u broadens depending on the amount of water. 
Coblentz also showed that the frequencies of absorption dif- 
fered from those of liquid water. There was also some varia- 


tion from one compound to another, since the water groups 
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were not free in the crystal but vibrated in the fields of 
force of the other constitutents. Because of the breadth ‘of 
the infrared bands for the hydrates and of lower resolution 

of the spectrometers most of the early work was observational 
in nature. Infrared spectra of many hydrated metal salts have 
been reported by Miller and Wilkins (86). Frederickson (87) 
characterized hydrated aluminas by the difference in the ab- 
sorption patterns in the O-H stretching and deformation regions. 
Corbridge and Lowe (88) studied some hydrated phosphates and 
tried without success to correlate some characteristic of the 
water absorption bands with the number of water molecules in 

a hydrate. lIucchesi and Glasson (89) investigated the infrared 
absorption spectrum of bound water in metal hydrates in which 
the ‘cation charge varied from 1 to 4, and the size, shape and 
charge of the anion and the water content varied. Shifts in 
the frequency of the O-H stretching and bending regions were 
reported. There was, however, no obvious correlation between 
absorption spectra of water in hydrates and the nature and 
strength of binding of the water. 

The infrared spectrum of a solid hydrate should give 
an insight into the nature of intermolecular forces, the ex- 
tent of inter-and intramolecular hydrogen bonding and the 
binding of water molecules in the crystalline solid. The pos- 
sibility of using the infrared spectra to study these factors 


has not been explored to any great extent. The position, 
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Shape and intensity of the water bands of solid hydrates de- 
pends on the interaction of the water molecules with their 
orystalrine-environment. The extent of hydrogen bonding will 
depend upon the orientation of water molecules relative to 
one another and to the other ions in the crystal lattice. 
Thus, the shape of the band tts an indication of the environ- 
ment of the absorbing ‘molecules. The sharpness of the band 
is an indication of the extent of hydrogen bonding. Recently 
Fujita, Nakamoto and Kobayashi (90) observed that water mole- 
cules in some solid aquo complexes give rise to a new vibra- 
tional band at about 800 ai Brame, Johnson, Larsen and 
Meloche (91) observed similarity of spectra for the isomor- 


phous K)Mo(CN)9.2H,0 and K,W(CN)9.2H,0. 


2 
In the present study an attempt has been made to ex- 


plain the different regions of the infrared spectrum for the 


compounds NiCl,,.6H,0, NiCl, .4H,0 and NiCcl 


2+ CHO. Intrared 
Spectra of some isomorphous hydrates whose structures are 
known have also been taken to determine the relationship be- 
tween isomorphism and the infrared spectra. 
Objectives of the Present Work 

It is the purpose of the present work to firmly 
establish the identity of the hydrates of nickel(II) chloride. 
Once this is established it proposes to show that the ener- 
getics of the decomposition process have relevance to the 


problem of the binding of water molecules by transitional me- 
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EXPERIMENTAL 


Equilibrium Studies 

The NiC1,,-H,9 System:- The vapour pressure measurements were 
carried out in a Stock-type high vacuum apparatus as described 
by Sanderson (92a), with the modifications evolved in these 
laboratories (see Fig. 17). A'‘modification of the dissocia- 
tion tensimeter, described by Brown, Taylor and Gerstein (92b) 
was made. The modified tensimeter is shown in Fig. 18(D). It 
consists of a U-tube manometer made from 18 mm O,D. tubing 
connected to a mercury reservoir. One limb of the manometer 
is connected to a tube which holds the sample and the other 
limb to the vacuum system. The mercury in the manometer can 
be either raised or lowered by connecting the two-way stopcock 
to either air or rough vacuum. Thus, when the mercury is 
raised in the manometer it can act both as a seal to isolate 
the system to be measured from the remainder of the line and 
as a manometer fluid. When a sample is placed in the sample 
tube, the difference in height of mercury in the two limbs of 
the manometer signifies the vapour pressure of the sample. 

An aqueous nickel chloride solution was prepared by 
dissolving BDH Analar nickel chloride hexahydrate in water. 
This solution was analyzed for its nickel and chloride content 
by the conventional cyanide method for nickel and conducto- 


metric titration of chloride with silver nitrate. Knowing the 
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To Mercury Float Valve 
and High Vacuum System 
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Mercury Float Valve 
Condensation Trap | 
Dissociation Tensimeter 
Sample Tube 


Fig. 18 


Dis 


weight of the liquid sample and subtracting the wéight ‘due to 
nickel chloride, the weight due to water was calculated and 
thus the H,0/N1C1, ratio was computed. The nickel chloride 
solution was stored in, and dispensed from, a dropping ‘bottle. 
The male joint ended in a long stem touching the bottom of 

the bottle. A-.rubber teat was attached to the opening of the 
male joint. This prevented change of composition due to eva- 
poration and functioned as a dropper. By squeezing the rubber 
teat the solution can be delivered to any desired container. 
The nickel chloride solution was taken in this dropping bottle 
and ‘weighed. After:-delivering the desired quantity of solu- 
tion, the weight of the weighing bottle was taken. The differ- 
ence between the initial and final weight gave the weight of 
the "solution taken.- “To ensure an additional check‘on .the -ini- 
tial composition, a sample of similar size was taken for ‘com- 
plete analysis. 

A 3.0169 gm. sample of nickel chloride solution was 
placed in the tube E, shown in Fig. 18, through the open tap. 
The opening was then sealed quickly with a hand torch. . The 
capacity of the tube was about 30 ml. Inside the tube a mag- 
net sealed in glass functioned as a stirrer. 

After the solution was introduced and the opening 
sealed, the sample tube was immersed in liquid nitrogen and 
opened to the high vacuum line, and pumped down to the best 


obtainable vacuum, Dissolved air was removed by freezing ‘the 
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solution in liquid nitrogen opening it to a high vacuum, iso- 
lating and then thawing the sample, refreezing it followed by 
evacuation, By repeating this process several times most of 
the dissolved air was eliminated. The last traces of dissol- 
ved air were removed by pumping on the unfrozen solution for 
about a minute. The volatilized water was collected in the 
U-trap (C) which was immersed in liquid nitrogen. The sample 
tube E was then immersed in liquid nitrogen and mercury raised 
in the manometer to cut off the solution from the U-trap C. 
The mercury float valve B was then closed to separate this 
section from the rest of the vacuum line. The water volatilized 
was taken into the weighing tube shown in Fig. 19. The proce- 
dure involves attaching the weighing tube to the vacuum line 
by a 10/30 ground glass joint lubricated with ApiezonL grease 
and evacuating it. The vacuum achieved was of the order of 
107° mm Hg. measured by the McLeod gauge. The weighing tube 
after lose a eee detached from the vacuum line. The 
grease on the joints was removed by Kleenex soaked in ether, 
and the tube then weighed. It has been found that by repeating 
the process of greasing, degreasing by ether, and weighing, 
that the uncertainty introduced into the weight by this opera- 
tion was negligible (<l mg). After determining the initial 
weight of the weighing tube it was again attached to the va- 
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cuum line. When a vacuum of the order of magnitude of som 


mm. Hg was achieved, this section of the line was isolated 
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from the pump by a mercury float valve (not shown in Fig. 18). 
The mercury float valve (B) was then opened and the liquid 
nitrogen dewar used to condense water in the U-trap (C) was 
removed. The weighing tube was now cooled in liquid nitrogen. 
By this operation the water collected in U-trap (C) was trans- 
ferred to the weighing tube. The completeness of the trans- 
fer was checked by measuring the residual pressure in the va- 
cuum line by McLeod gauge. After ensuring complete transfer 
the weighing tube was closed, detached from the vacuum line, 
and after careful removal of grease weighed. The gain in 
weight represents the water removed. Thus, knowing the weight 
of the water removed, the composition of the system was com- 
pubediy Ineandetforteto check the réliabidiity) of this.prece= 
dure, the water sample was returned to the vacuum line and the 
procedure repeated several times. The variation in sample 
weight was negligible and showed no trend. The tensimeter 

and sample were completely immersed in a Pyrex glass water 
bath whose temperature could be controlled at any value from 
ambient to 100°C. to within + 0.1° by a Fisher Unitized Bath 
Electronic Control unit. The temperature of the bath was -— 
measured by a NBS calibrated thermometer (Fisher 2A 1706) to 
the nearest 0.05°C. The equilibrium vapour pressure of the 
sample at a particular temperature could then be measured to 
the nearest 0.05 mm with a Gaertner Cathetometer (M-911). 


The pressure values reported were corrected for the density 
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of mercury at the temperature of measurement and for the ca- 
pillarity depression. 

Once a sample of known composition was isolated in 
the tensimeter, its pressure was measured at all the selected 
temperatures with the exception of ieee Bach «individual 
temperature was attained by allowing the bath to warm from 
the next lower temperature. Sufficient time, ranging from 4 
to 6 hours, was allowed for equilibration before any pressure 
values were recorded. The system was considered to be in equi- 
librium when, at a particular temperature, it gave three iden- 
tical pressure values at consecutive intervals of 30 minutes. 
When the sample became solid after withdrawal of water, it 
usually itook much longer times to attain equilibrium. Usually 
for the solid sample, the time elapsed for reaching equili- 
brium ranged from 6 to 24 hours depending on the temperature 
of the bath. At lower temperatures equilibrium was attained 
less rapidly than at higher temperatures. When three readings 
of vapour pressure gave identical values at intervals of one 
hour, it was considered to be the equilibrium value. Then, 
once the equilibrium values were approached from lower tempe- 
rature, the bath was allowed to warm a degree or two above the 
equilibrium temperature, readjusted to the equilibrium tempe- 
rature, and observations of the pressure continued until the 
constant value was obtained. In all cases the equilibrium va- 


lues obtained by approaching from above and below agreed 
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within co .O5 tmm Het 

The composition of the sample was changed by lower- 
ing the water bath to make the sample tube (E) accessible for 
Cooline ein 11quid mitrogen, Arter cooling, the. mercury in 
the manometer of the tensimeter (D) was lowered, the U-trap 
Gas) was immersed in liquid nitrogen, the float valve B ‘closed, 
and the liquid nitrogen dewar removed from EK. Water from the 
sample would volatilize and collect in .the U-trap C. The time 
allowed for this operation depends on the composition desired 
for the sample. Although this can be Sans Very crudely con- 
trolled, the final composition would be known accurately. 
After an appropriate time, the sample tube E was again immer- 
Sed in jiiquid nitrogen and: the ‘mercury raised ‘in the ‘manometer. 
The water collected in the U-trap C was taken out and weighed 
by the manipulation described above. Once the composition 
was changed, the vapour pressure measurements were again made 
for the different temperatures. 

The composition of the sample was varied in this way 
in convenient steps. At each step the vapour pressure of the 
sample was determined at each of the selected temperatures as 
described above. The sample, at the last series of measure- 
ments, was estimated to have an H,0 to NiC1, Table of 2116. 
This sample was removed from the vacuum line, weighed, dissol- 
ved in water, and aliquots of the resultant solution analyzed 


for nickel and chloride by the cyanide and conductometric 
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chloride titrations respectively. These results showed that 
the material removed actually had a composition corresponding 


to NiC1,.2¢.05H,0. 


The NiCl HO - ethylenediamine System:- Ethylenediamine 98% 


- 
(Eastman Organic Chemicals) was taken into the vacuum line 
(Fig. 17) and subjected to trap to trap distillation in the 
U-trap system shown in Fig. 20. A final’cut was then allowed 
to stand in contact with a-sodium:mirror in the bulb, shown 

in Figa-2ef. After this treatment further fractionation was 
carried=out, and a middle fraction from this treatment was 
taken in the dissociation tensimeter shown in Fig. 18, and its 
vapour pressure measured at three temperatures as shown in 


Table 1s ~whis sample was stored in the vacuum:Linesand used 


in the later measurements. 
PTABGE 


Vapour pressure of ethylenediamine 
at different temperatures 


Reps Vapour Vapour 

D- Pressure Pressure 

fen Observed Literature (37) 
30.0 16.85 6.75 

10.0 30.20 30.25 
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A 3.6420 gm sample of an aqueous solution of nickel 
chloride analyzed immediately before use was placed in the 
SampleestubesH; ushown |ineFig. 18ycof ‘about’ 30 ‘ml capacity. The 
tube was sealed immediately, immersed in liquid nitrogen, and 
after about 5 minutes evacuated. After the removal of dissol- 
ved air the composition of the solution was brought to an 
HO to NiCl,, ratio of 13.49 by removal of water. The vapour 
pressure of this solution was measured at a series of tempera- 
Tune 8<¢ 

The weighing tube shown in Fig. 19 was connected to 
the vacuum line through a 10/30 ground glass joint lubricated 
with ApiezonL grease. After ensuring a vacuum of the order of 
107° mm Hg, purified ethylenediamine was dfs iistedetaee the weighing 
tube whichwas then closed, removed from the line, and weighed. 
The weighed tube was returned to the vacuum line and the va- 
cuum of the system re-established. Then by opening the stop- 
cock of the weighing tube containing ethylenediamine, a desired 
quantity was distilled in the U-trap C. After ensuring com- 
plete transfer, the weighing tube was detached from the va- 
cuum line and weighed. From the loss in weight the amount 
of ethylenediamine introduced into the nickel chloride solution 
was calculated. 

The ethylenediamine transferred to the U-trap C 


was taken into the solution contained in sample tube E by cool- 


ing E in liquid nitrogen, pulling down the mercury in the 
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manometer, and allowing the U-trap C to warm. Complete trans- 
fer was achieved rapidly and after allowing about 15 minutes 
the pressure in the line was checked by the McLeod gauge. 
After withdrawing the liquid nitrogen dewar from the sample 
tube E, the ethylenediamine was mixed completely with the 
nickel chloride solution by stirring with the glass enclosed 
magnet provided in the sample tube E, After this operation 
the mercury in the manometer was raised. To make sure that 
the solution was completely free from entrained air, the solu- 
tion was again cooled in liquid nitrogen and the mercury was 
pulled down from the manometer and the system connected to the 
high=vacuum-iine, After-ensuring a vacuum :of the :order ‘of 
107° mn Hg, the mercury in the manometer of the tensimeter 
was raised, the water bath raised into position, and the sys- 
tem equilibrated overnight at Seaen The addition of subse- 
quent quantities of ethylenediamine was carried exactly the 
way mentioned above. Great care needs to be taken with the 
weighing tube containing ethylenediamine. This was always im- 
mersed in liquid nitrogen and evacuated to the order of 107° 
mn Hg and then brought to room temperature before taking its 
initial weight. 

The temperature of the solution and the entire mea- 
suring system was maintained by immersing it in a Pyrex glass 
water bath with thermostatically controlled temperature to 


within t Cpakte by a Fisher Unitized Bath Electronic Control 
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unit. The temperature of the bath was measured to the nearest 
0.05°C by a magnifying arrangement attached to a calibrated 
NBS thermometer (Fisher 2A - 1706). ‘The vapour pressure was 
measured by using a Gaertner Cathetometer (M-911) to the 


nearest 0.05 mm, 


Kinetic Studies 

Nickel(II) chloride hexahydrate (BDH Analar Reagent) 
was desiccated by spreading powdered samples evenly in 3 cm 
diameter petri dishes inside 6 inch desiccators containing 
different desiccants. Investigation of the behaviour of the 
"as received" material over sulphuric acid solutions of various 
specific gravities established that NiC1,,.6H,0 could be ob- 
tained and maintained in a desiccator which was mince nee at 
a humidity corresponding to sulphuric :acid of 1.35 specific 
gravity. The composition of the final equilibrium phase was 
established by nickel and chloride analyses. The results of 
these analyses were: Ni 24.60%, Cl 29.8%, and H,0 U5 55%; 
calculated for NiC1,.6H,0: NA 24.69%, Cl 29.83%, and H,0 
45.48%, Samples maintained in a sulphuric acid desiccant of 
specific gravity 1.35 were then always taken as starting ma- 
terial for other dehydration studies. The dehydrations in 
sulphuric acid desiccants of specific gravities 1.40, 1.50, 
1.60, 1.70 and 1.80 were carried out in 3 cm diameter petri 


dishes inside 6 inch desiccators containing 100 ml of the 
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appropriate desiccant. The rate of loss of weight was deter- 
mined by removing the petri dish from its desiccator at inter- 
vals and weighing it. Tests showed that exposure to the atmos- 
phere for times equivalent to those required for weighing did 
not cause the sample to change in weight by more than 1 mg. 

By careful judgement the weighing operation does not take more 
than one minute. After weighing, the. sample was returned to 
the appropriate desiccator. 

In the case of dehydrations carried out over phos- 
phorous pentoxide and magnesium perchlorate desiccant, the 
precaution of desiccating the balance by placing a petri dish 
containing the appropriate desiccant inside the balance case 
was taken. Again, any change in weight due to-exposure to the 
atmosphere was shown to amount to less than 1 mg. Since the 
dehydrations over sulphuric acid desiccants of low specific 
gravities were slow, they were followed in detail for only 
about 8 to 9 hours and then periodically for a week or more in 
order to determine the composition of the end product. This 
latter was done on the basis of both weight loss and chemical 
analysis. The dehydrations over phosphorous pentoxide desic- 
cant were carried to their final stages. Attempts to control 
the atmospheric temperature were not made. 

The arrangements for following the dehydration on 
the quartz spiral balance were more elaborate. A Misco quartz 


helix balance having 0.5 mm extension for 4,9 mg was suspended 
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from the top of a glass tube which served as a balance case, 
The balance case was connected through a U-trap B and a mer- 
cury float valve A to the high vacuum line. The arrangment 

of the apparatus is shown in Fig. 2l(a). The quartz spiral 
was calibrated in vacuum with the balance case immersed in a 
thermostatically controlled water bath at 25.0 Be Yao by 
adding known standard weight on an aluminium foil pan of one 
inch diameter, and measuring the extension of the helix with 
the cathetometer to the nearest 0.05 mm. The extension of the 
Spiral was found to be linear with respect to the amount of 
weight added. It was considered important that the quartz 
helix and the cathetometer did not change their relative posi- 
tions during a series of measurements. This was ensured by 
referring back to the fixed index on the quartz spiral. 

A sample of NiC1,,.6H,0 was Sieved through ASTM stan- 
dard sieves. The cut between 105 and 150 microns was retained 
and conditioned in a desiccator whose humidity was maintained 
by sulphuric acid bf 1.35 sp. er. A sample :of ‘this ‘material 
was placed on an aluminum foil pan, weighed, and transferred 
immediately to the quartz helix. The system was allowed to 
come to the temperature of the bath before being evacuated. 
The bath was maintained by circulating a constant temperature 
water controlled by a Fisher Unitized Bath Electronic Control 
unit to nO. -C. The movement of the pointer was followed after 


about 3 to 5 minutes, when the system had attained a vacuum 
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of the order of 1 Oupkints Hg. The temperature of the bath was 
measured to the nearest 0.05°C by an NBS calibrated thermo-: 
meter (Fisher 58 - 630). The water evolved during dehydration 
was collected in a U-trap immersed in liquid nitrogen. Thus, 
the whole system was kept open to the vacuum line so that the 
water liberated was immediately withdrawn from the system, 

The progress of dehydration was followed by the upward movement 


of the index fiber. 


Infrared and X-ray Studies 


Preparation of materials:- The hydrates of nickel chloride 
were reoened by desiccating BDH Analar NiC1,,.6H,0 in an at- 
mosphere of controlled humidity. The product was nickel chlo- 
Tide hexahnydrave when sulphuric acid-of specific ‘gravity 1.35 
was used as the desiccant, nickel chloride tetrahydrate when 
sulphuric acid of specific gravity 1.40 was used, and nickel 
chloride dihydrate when phosphorous pentoxide was used. The 
intermediate hydrates, presumably mixtures of hydrates, were 
obtained from the dehydration of NiC1,,.6H,0 over Bo, tor 
different times. The composition was calculated from the loss 
in weight of the sample. CoC1,,.6H,0 (Mallinckrodt Analytical 
Reagent) was used without further treatment. CoCl1,,.2H,0 was 
obtained by desiccating finely powdered CoCl1,,.6H,0 over P50. 
until the weight loss indicated that the sample composition 


corresponded to CoCl,.2H,0. MnCl, .4H,0 (May and Baker grade) 
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was used without further treatment. MnC1,,.cH,0 was obtained 
by desiccating MnC1,,.4H,,0 over EB08 until the sample had lost 
sufficient weight that the empirical formula corresponded to 


MnC1,,.eH,0. 


Infrared Absorption Measurements:- The infrared spectra were 
obtained on a Perkin-Elmer Model 21 double beam infrared 
Spectrophotometer using an NaCl prism. Higher resolution in 
the O-H stretching region was obtained with a Perkin-Elmer 
Model 221-G infrared spectrophotometer with an NaCl prism- 
grating interchange. Wavelength was calibrated using the poly- 
styrene band at 6.238u. 

Considering the influence of adsorbed water and the 
chance :of chemical interaction during pelleting under high 
pressure, it was decided to mount the samples as mulls for 
obtaining the infrared spectra rather than as potassium bro- 
mide discs. Two different mulling agents were used. Fluoro- 
lube S-30 (Hooker Electrochemical Corporation) was used for 
the 3500 to 1600 om7+ regions and Nujol for the 800 in yes 
gion. These two mulling agents were necessary because of the 
limitations associated with each. Overlap in the stretching 
frequency of the C-H and O-H limits the use of Nujol in 3500 
om™* region, and Fluorolube S-30 is quite absorbing in the 
800 om7+ region. Combining the spectra obtained from samples 
in two mulling agents, a clear picture of the spectral regions 


of interest was obtained. 
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X-ray Diffraction Measurements:- X-ray powder diffraction 
patterfis were taken at room temperature &Y 25°C, The samples 
of NiC1,.6H,0, NiCl1,.4H,0, and NIC1,,.cH,9 were prepared under 
the proper conditions of humidity established earlier. The 
hydrates were mulled to a fine paste in an Agate mortar with 
Fluorolube S-30 (Hooker Electrochemical Corporation). Changes 
in composition due to exposure to atmosphere was minimum bee 
cause of the protective action of the oil over the samples. 
The mull was evenly spread on a microscope slide and exposed 
to the X-ray beam on a Norelco X-ray Diffractometer. A copper 
target X-ray tube using a nickel filter was employed as the 


source of radiation. 
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RESULTS 


Equilibrium Studies 


The vapour pressures of nickel chloride-water mix- 
tures of various compositions are given in Tables 2, 3, 4 and 
5. The vapour pressure-composition isotherms obtained from 
these data are displayed graphically in Figs. 22, 23 and 24, 
These isotherms show that the vapour pressure decreases nor- 
mally as the concentration of the solution increases up to 
the first appearance of a solid phase. Upon appearance of 
the solid, the pressure becomes and remains constant so long 
as any liquid phase is present. Upon disappearance of the 
liquid phase there is a discontinuous change. in the pressure 
of the system. The pressure then maintains a constant value 
through a subsequent range of compositions until eventually 
a second discontinuous decrease in the pressure of the system 
is observed. This stepwise variation of the pressure conti- 
nues in some cases for as many as three such steps. The actual 
number of steps present in a particular isotherm depends upon 
the temperature. In the temperature range 27-36° (Fig. 22) 
there are three steps and these occur at mole ratios of HO 


to NiCl, of 6, 4 and 2. In the temperature range ey gorse 


2 
(Figs. 23, 24) two steps, at mole ratios of 4 and 2, are appa- 


rent. 
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TABLE 2 


Vapour Pressure - Composition Data for the NiC1,-H,9 System 
ate 0) Gay 45, 30°C 


Mmoles NiCl1, = 3,84 


M Mmole Vapour Pressure in mm Hg. at 
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Vapour Pressure - Composition Data for the Nic, 
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Mmoles NiCl, = 3,84 
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TABLE 4 


Vapour Pressure - Composition Data for the NiCl,,-H 
at 60, 65, 70°C 


2° system 


~Mmoles NiC1, = 3.84 


eater ae Vapour Pressure in mm Hg. ** 
H0 H,O/NACL, 60°C 65°C "oC 
32.17 8.38 73.85° 93.20 
28.25 (aves: T3KO5 92.00" 
Be .05 op os Tae85 92.00 114.3 
21.44 5.58 73.80 92.00 14.3 
19.51 5.08 73.80 92.00 414.3 
17.97 4,68 73.80 92.00 114.3 
16.79 4.37 73.80 92.00 114.3 
16.78 4.37, 73.80 92.00 114.3 
16.44 4,28 73280 92.00 114.3 
14.94 3.89 53.50 79.30 107.0 
US ey he 3.58 5o.50 79.30 107.0 
12.68 S30 53.50 79.30 107.0 
9.68 2.52 58.50 19..30 167.0 
8.29 2.16 58.50 79.30 L720 


* Vapour Pressure - Cooling Direction 
** Corrected for thermal expansion of mercury 


S Solid Appears 


: mae “aj iy 
08 ae ie a > Nh 


~ ; 
} 
', I 


” wen r a 
matey Obs ORM anid ot ate notttecgna® - 9m 
0°OT 4 08" +6 


** .3H am at eryeeetl tuogey 


ob Oh 


& 


W8.£= f92K selon 


9°33 
0S.£€ 
00.80 
90. Se 
00.8 


00.S@ 


¢2.$e 
00,82 
00, 92 


00.98 


OE .e7 
O£.8Y 
O€ 487 
0&.27 


s 


0°08 


28 ey 


8.87 
e8.E7 
08,.€7 
08. £7 
08.E7 
o6.E7 
OB.E7 
08.€7 
02.6¢ 
08.82 


02.82 


ye.4 

"yEeit a 
es.4 
OBE ad mm 9 


ile 


TABLE 5 


Vapour Pressure - Composition Data for the NiC1,,-H,0 System 
O 
Ab, er es 


Mmoles NiCl, = 3.84 


Mmoles Mmole Vapour Pressure 
eu He O/NACL eascne 
2 2 
23.04 6.00 142.55 
20.62 5.37 141.50 
15.86 4,13 P1550 
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13.06 3.14 141.50 
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VAPOUR PRESSURE— COMPOSITION DIAGRAMS FOR 
BOc@mooeG. 70-C,& 3/5.C: 
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The data in Table 6, plotted in Figure 25, produces 
a family of straight lines of approximately equal slopes dis- 
placed to lower pressures as the concentration of the solution 
increases. Presumably this indicates that the essential pro- 
cess occurring is independent of both the concentration of the 
solution and the temperature at which it is carried out. This 
is not surprising since all of these measurements were carried 
out in. homogeneous solutions. However, as the composition of 
the system is changed so that a solid phase makes its appear- 
ance, the data of Table 7 and Figs. 26 and 27 are obtained. 
In each of Fig. 26 and 27 there is a discontinuity in the log. p 
vs 1/T plots at a temperature of 36.25°. Below this tempera- 
ture the systems represented in both figures consist of satura- 
ted solutioniin equilibrium with NiCl,.6H,0. The portion .or 
the curve above this temperature in Fig. 26 corresponds to un- 
Saturated solution whereas that in Fig. e7 corresponds to a 
saturated solution in equilibrium with NiCl,.4H,0. The data 
in Table 8 and Fig. 28 reveal the same discontinuity at 36.25° 
C. . Below this temperature the process concerned is the equi- 


librium (I) 
NiC1,.6H,0/.) —— NiC15.4H50( 4) + 2H50 (6) i) 
Above 36.25°C equilibrium (II) is involved. 


i | aa l ce eh a 
NiC1,.4H,0 === saturated solution 2 (en) ity) 
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TABLE 6 


Logarithm of Vapour Pressure - I/T for NiC1,,-H 


yal 


SA CAS a ORD A) COs CX CAs CC Cs CX) 


ae 102 


soo. 
298 
266 
»245 
peor 
224 
»193 
» 143 
094 
O47 


at Different Compositions 


Logarithm of Vapour Pressure at Different 
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TABLE 7 
Logarithm of Vapour Pressure - 1/T Data for NiCl,-H,0 System 


at Different Compositions 


Logarithm of Vapour Pressure at Different 
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TABLE 8 


Logarithm of Vapour Pressure - I/T Data for NiC1,,-H,0 System 


at Different Compositions 


veer ‘a Logari thn ony mevean paeae oes iie eeabors Aaga 
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Hence, in each of these cases the stable solid phase is seen 
to be transformed from NiCl,.6H,0 CO NiCl,.4H,0 at 36.056, 

In a similar way the data in Tables 9 and 10 and Fig. 
29 shown the temperature induced transition between NiCl,.4H50 
and NiCl,.cH,0 WHLCn. occurs -at idem oe At temperatures below 


75°C the equilibrium (III) is observed 


. aly * 
NiC15-4H0(.) == NLC1,.2H50( 4) + 2H,0 (it) 
whereas above this temperature the equilibrium corresponds. :to 


that represented by (IV) 


. ASR 5 
NLC15.2H,0(,) == saturated solution + H,0 (Iv) 


At least this is true when the system has a composition which 
TLes Det weer van H59 to NiCl, mole ratio er Sto 4. Should the 
mole ratio Ite on the high side of this range the equilibrium 
would be between two saturated solutions with different solid 
phases. On the low side of this ratio the equilibrium would 
be between the dihydrate and the anhydrous es he 

ie He Sopserved ac Figs. 26 and 29 that the set of 
points obtained on the heating cycle does not correspond to the 
SET obtained in the cooling cycle, provided ‘the system. passes 
through.a transition point. Apparently the system is able to 
remain in the metastable high temperature state for indefinite 
periods of time even though the system is cooled to bring it 
back threvgh the transition point. However, if the system is 


subjected to severe thermal shock such as quenching in liquid 
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TABLE 10 


Vapour pressures of’ NiCl, - H59 systems a) 


(“i aeons. Vapour Pressure 
Direction ie i) Min = He Log: P 
16 aoa fe 141.50 2.1507 
16 2.864 146.05 2.1644 
66 2.859 149.30 2.1741 
16 2.855 152.40 271820 
Pirecclen 

16 B23351 12.05 1, 0810 
16 3.298 14.65 1.2655 
16 3.266 L775 1.2492 
16 3.245 18.90 1.2967 
16 See 22.25 1.3464 
16 3.193 26.10 1.4166 
16 S43 33.50 1.5350 
16 3.094 43.75 1.6410 
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nitrogen, it returns to its normal room temperature condition 
upon being allowed to warm up. This system can again be taken 
through the heating cycle to reproduce the original data. Upon 
cooling through the transition point the system repeats its 
former behaviour by cooling along the non-equilibrium curve. 

It may be returned to the low temperature equilibrium condition 
by again quenching in liquid nitrogen and warming to room temp- 
erature. This cycle has been repeated for-as many as a dozen 
cycles for the data of Fig. 26. 

In general, each point reported in this section was obtained 
as the average of at least two values; one obtained by reaching 
equilibrium from a slightly lower temperature, and the other 
obtained by reaching equilibrium from a slightly higher tempe- 
rature. The pressure reported never varies by more than 0.05 
mm trom either of the two values. 

ingtablesli. are the solubilities of nickel chleride in. wa- 
ter at varlous temperatures determined from the intersection of 
the vapour pressure curves for saturated and unsaturated solu- 
tions shoewn..in: Figs. 22 and.23. It should be noted that below 
36.25° the solid phase in equilibrium with thé solution is 
NiC1,.6H,0 whereas above this temperature the solid phase is 
NiCl,.4H,0. The data given in Table 11 have been plotted in 
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TABLE 11 
SOLU Cy LIL oss OL NiC1,, in Water 

Pitee 3 Mole Fraction Log N 
foO ye niZ tx SLO H,O0/NiC1, NiCl, 
27.0 siasich! 10:,30° 0.08849 180531 
30.0 3.298 10.00° 0.09090 -1.0414 
33.0 3.266 9.75° 0.09304 =e omies 
BGe) 02ttb 9.607 0.09434 -1.0253 
36.0 3.234 9.50° 0.09587 =o oie 
37.0 3.224 9.30” 0.09709 -1,0128 
40.0 3.193 8.80" 0.1020 -0.9914 
45.0 3.2143 ooh. 0.09738 -1,0115 
50.0 3,094 8.95" 0.1005 ~0.9979 
Bae Ge O07, 8.70" 0.1031 -0.9868 
4) Solid phase in equilibrium with the solution is 

NiC1,,6H,0 


b) Solid phase in equilibrium with the solution is 
-4H,0. 
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The vapour pressure - composition data for the re- 
action of aqueous nickel chloride solution with ethylenediamine 
for different temperatures from 23°C to 50°C are given in 
mables. ic anda 3,.1and.anre, plotted .in (Figs... 3lyo82and33. The 
pressures for the corresponding aqueous nickel chloride solu- 
tion are given in Table 14 .and.plotted.in.Me.., 34. 

The maximum vapour pressure observed in these measure- 
ments is seen to be 82.5 mm of Hg at a temperature of 50°C. The 
total volume of the measuring bulb was found to be 40 ml 
(exclusive of the volume occupied by the solution and stirrer). 
Consequently it is possible to estimate a maximum correction 
which must be applied to the concentration of the solution to 
account for the water which is in the vapour phase. Assuming 
the ideal gas law to be applicable to this system, the correc- 
tLon Ls 0.165 mmole. This maximum correction is of the order 
of 0.25% of the total amount of water present in the system. 

As a consequence corrections of this type have been ignored in 


all measurements. 
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Vapour Pressure - Composition Data for Aqueous NiCl 
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Different Temperatures® 
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a) Solution contains 4.76 mmoleof NiCl, and 64.1 mmole of 


H50 | 
b) Solidl Ni en, | Cle separates from the solution. 
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VAPOUR PRESSURE - COMPOSITION DIAGRAM FOR AQUEOUS 
NICKEL CHLORIDE-en SYSTEM AT DIFFERENT TEMPERATURES 


Fig. 31 


_ 


Co 
© 
C4 
=) Look 
ww 
” 
e 
60 e 
atte Fos he 
JO 
S a i 
& Mt 
eR) 
qc Qe 
oa § 
10) 
Oe 
Ne 
eS 
mo cS 
OQ WO 
oHOoO 
1 © = 
fa Sei 
G4 
Na eel 
= () 
© 
Qy 
ws 
5 eS O 
( © 
1 Ww) 
” (Y) 
> 
op) 
O 
“| 
Hie 
wo OA 
a | 
| 
cB) “" | 
ee 
22 
ee 
qc 
rap) 
ep) 
rap) 
a | 
oO 
S 
> 


O* 


rl 


CO 


OV 


I 


Or 


\O 


dria Ss 


LO) 


XO 


\O 
oe) 


v) 


© 


rl 


20.69 


23.14 


© 
© 
fay) 
(v) 


25.38 
27.97 
31.05 


»L01 


.. 


i? = 


+5 


"08 


6S) 


OH efomm £.49 bre ofO2MK ofomm OT.# antatace moidalo®s (a 


ottufoa sit mort eetstaqsa ef [gas hall 


; 
old i guoSsupA “rT sied nots taoqgmod — etueesTtd 4 
| motaye 


9° ay o°@e afdti\ne 
@&. ce a6. SH OY.Sé sil 
00.82 20,04 es. HE £e.L 
02.5¢ CE.c? ce. FE 00.8 
O€ 0d OF .o4 00.0£ 02.8 
oy.05 a6. TH a2 OE dyy.g 
ey. #0 a .02 08.8& AY LE 
e893 er.e4 ey. Te $0.€ 
es.03 OL. TH eS.0€ 2£.4 
20. Ye ay .oe CE HE 08,4 
0e.€@ oy £4 00.9 €£.2 
00.02 OL.€ 08.eS 78.2 
26.04 OL .@é O7.aS . $2.3 


EL AUHAT 


3H ma of Stveeetd tyoqsV © 
astutsrsqmel sageo Tt 


ofsat silom M 


j | 102, 


VAPOUR PRESSURE in mm Hg 
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TABLE 14 


Vapour Pressure of Aqueous Nickel Chloride Solution® at 


Temperature 
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Kinetic Studies 

Dehydration of various quantities of NiC1, .6H,0 was 
carried out in phosphorous pentoxide desiccant in a closed sta- 
tic. system at atmospheric pressure. A typical set of.results, 
for a sample weight of 2.8542 goms., is given in Table 15a. 

The decomposition curve is shownNin Fig. 35. The differential 
rate curves for water lost per one hour and per two hours are 
shown in Fig. 36. The differential rate for a sample weight of 
1.6892 gms., results of which are given in Table 15b, are also 
shownl0in Fic.7 36% 

Dehydration on a quartz spiral balance containing 
magnesium perchlorate in the balance case was carried out by 
evacuating the system and isolating the part containing the 
Quartz spiral balance from the rest of the vacuum line by a 
mercury float valve. The extent of dehydration was obtained 
by following the upward movement of the index fiber of the 
quartz spiral. No rigorous precaution was made for maintaining 
a constant temperature. The results are given in Table 16. 
Lnesdscomposifion curve isrshown in Fig. 37,.c2The differential 
rave ourvessiorewater lost-forsdifferent time intervals-are 
shown in Fig. 38. 

The results of the dehydration on a quartz spiral 
balance in vacuum at 25°, 35°C and 45°C are given in Tables 
17, 18 and 19. The decomposition curves are shown in Figs. 

39, 40 and 41. The differential rate for water lost for diffe- 


rent time intervals are shown in Figs. 42, 43 and 44. 
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TABLE 15 a 


*Dehydration of NiC1,.6H,0 at Room Temperature = 25°C 
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Time in Wt. of the Wie Ol. tote. Ratio Rate 
Hours Sample (gm) H,0 Lost (gm) H,O/NiCl, mgH,O/Hr 
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ans tr Wt....of the Wo. Of Total Ratio Rate 

Hours Sample (gm) HO Lost (gm) H0/NiC1,, mgH,O/Hr. 
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Time in Wt. of the Nea.eors Total Ratio Rate 

Hours Sample (gm) HO Lost (gm) H,0/NiC1, mgH,O/Hr. 
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* Dehydration carried out in a glass stopper weighing 
bottle 4 cm diameter and 2.5 cm high in a 6 in. 
desiccator containing phosphorous pentoxide as 


desiccant. 
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*Dehydration of NiC1,,.6H,0 at Room Temperature =~ 25°C 


Weight of NiCl.-= 0.9209 gems. 
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Time in Wt. of the Wt. of Total Ratio Rate 
Hours Sample (gm) HO Lost (gm) 4H,0/NiCl, mgH,0/Hr. 
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* Dehydration carried out in a glass stopper weighing bottle 
4 em @iameter and 2.5 cm high in a 6 in. desiccator contain- 
ing phosphorous pentoxide as desiccant. 
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TABLE 16 


Dehydration of NiC1,,.6H,0 at Room Temperature 25°C 


Weight of NiCls =72,14 me. 
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* Dehydration carried out on a quartz spiral, suspended in 
a balance case containing magnesium percholorate 


desiccant. 
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TABLE 17 


Dehydration of NiC1,.6H,0 at 25°C (Quartz Spiral) 
Weight of NiCl,, = 259.3 mg. 


Time in Wt.-.of the Wis, Obabotad Ratio Rate 
Minutes Sample (mg.) H,0 Lost (mg) H,O/NiC1, mgH,0/10 Min. 


O au ores. O 6.00 O 

10 470.6 4.9 5.86 4.9 
20 465.7 9.8 SIG 4.9 
30 459.9 2.0 a0 arts, 
ho A645 21.20 5.42 5.4 
50 449.6 25.9 aes 4.9 
60 Hy 8 50.7 spake 4.8 
70 439.9 35.6 apien! 4.9 
80 435.0 40.5 4.87 4.9 
90 430.1 45.4. 4.74 4.9 
100 He .8 50.7 4.59 5S 
110 419.9 p56 445 4.9 
120 415.0 60.5 4. 32 4.9 
S18 410.6 64.9. 4,20 4.4 
140 406.7 68.8 4.09 Satly 
150 402.8 ge 3.98 3.9 
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Time in WO. Of ne Wo. of Total Rat io Rate 

Minutes Sample (mg. ) HO Lost (mg) H,0/NiC1, mgH,,0/1O0 min. 
160 398.9 76.6 aiee tf 3.9 
LO 395.0 80.5 3/15 3.9 
180 391.6 83.9 Bao 3.4 
190 30052 ayers Bet 3.4 
200 384.8 90.7 3.48 3.4 
210 301,86 03.6 3.40 Bot 
220 378.9 96.6 Bios 2.9 
230 376.0 eles Seeo 2.9 
240 37301 102.4 sae 2.9 
250 sycelna 105.4 SO 3.0 
260 3607.2 108.3 2.99 2.9 
270 3607 110.8 2.92 2.5 
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300 30/69 Bile Boles eas 
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Time in Wt. of the Wt. of Total Ratio Rate 

Minutes Sample (mg.) H,0 Lost (mg) H,O/NiC1, mgH,0/10 min 
360 347.7 127.8 2.45 1.4 
370 346.2 129.3 2.41 1.5 
380 344.7 130.8 Pat 1.5 
390 343.2 132.3 o55 £5 
400 341.8 Sem, 2.29 1.4 
410 340.8 134.7 2.26 1.0 
420 a fe Pe 35.6 2.23 0.9 
430 338.9 136.6 2.20 1.0 
440 338.0 237.5 2.18 0.9 
450 Sy ore 138.5 2.16 0.5 
460 336.9 138.6 P15 0.6 
470 336.4 139.1 2.14 0.5 
480 BS ek, 139.6 212 0.5 
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TABLE 18 


Dehydration of NiC1,.6H,0 at 35°c (Quartz Spiral) 


Weight of Nicl, = 259.5 mg. 


apes ee HO best (ne) H,0/NiC1., neH0/5 min. 
O 476.0 0 6.00 O 
2 472.1 Sire) 5.90 Bad 
10 467.2 eye SPAS 4.9 
15 460.9 15 5.58 6.3 
20 454.6 21.4 Spee Oras 
25 H49,2 26.8 Seo a 
30 443.8 Ee.e 5, dik 54 
35 438.0 38.0 4.695 50 
LO 433.1 42,9 481 4.9 
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55 417.9 Bold 4.39 5.4 
60 412.6 63.4 44 sees 
65 4O7.2 68.8 4.09 5.4 
TO 402.3 Toe 3.96 se, 
15 398.4 itgne 3465 3.9 
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TABLE 19 


Dehydration of NiC1,.6H,0 at 45°C (Quartz Spiral) 


Weight of NiCl, = 261.2 mg. 
ee hess ee H,0 Lost elate HO/NICL, meH0/5 min, 

0 479.0 O 6.00 0 
5 a we eo Sig de 7.8 
10 462.9 cai 5.55 BS 
15 Hou 6 24.4 be Ges 
20 HU5 3 ecrae BOT 9.3 
25 434.6 Ay 4 Su ee RO 
30 ol 8 54.2 al 9.8 
35 415.6 63.4 4.25 9.2 
LO 406.3 (a Ae B209 SNS 
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Time in Wt. of the Wo. ol “Toca. Ratio Rate 
Minutes Sample (mg.) H50 Lost (mg ) HO/NiC1, mgH,0/5 min, 
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From the linear part of the decomposition curves for 
iar 35°C and 45°C as shown in Figs. 39, 40 and 41, the rate 
of loss of water for these temperatures was calculated from 


their slopes. The values obtained are given in Table 20. 


TABLE 20 


Rate of Loss of Water for NiC1,.6H,0 
av Different Temperatures 


Temperature fe 10° Rate mg/min. Log rate 


25°C 3.353 0.50 =". 3000 
35°C aol 1.05 0.0212 
45°C 3.143 1.89 0.2765 


The plot of the logarithm of the rate versus the 
reciprocal of the absolute temperature yields a-straight line 
as shown in Fig. 45. From the slope of the straight line 
the activation energy of the process was calculated to be 12.7 
Keals. 

The results obtained for the dehydration of NiC1l,. 
6H50 desiccated in atmospheres of different relative humidities 
are given in Table 21. The integral decomposition curves are 
shown in Figs. 46 and 47. The rate was calculated from the 
slopes of the linear part of the curves. The results for the 


rates at different relative humidities are given in Table 22, 
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Dehydration of NiC1,.6H,0 at Different Relative 


‘ s 2 . ‘ ? O a 
Humidities at Room Temperature = 25° C 


Specific Gravity of HSO), Desiccant = 1.40 
Relative Humidity= 37.1 (74) 


Time :in Wt. of :the Wt. of Total Ratio Rate 
Hours Sample (gm) H,0 Lost (mg) H,0/NiC1,, mgH,,0/Hr 

0 5.0000 0 6.00 O 

1 4.9620 38.0 5.90 38.0 

3 4.8910 109.0 5 ep. 35.5 

5 4.8677 Lee-<3 5 ob 76 

7 4.8668 1S te 5 266 O05 

9 4 8662 LS ILS: 5. 64 0.3 


Specific Gravity of H5S0)) Desiccant= 1.50 
(24 
Relative Humidity =18.8 (74) 


0 5.0003 O 6.00 O 

t 4 Q4or 58.2 5.84 58.2 
3 4.8793 Pee 5.68 31.4 
5 4 8484 151.9 5.60 15.5 
is 48148 ne) apes il 16.8 
9 4.7779 222.4 5 AL 18.4 


a ‘Dehydration carried out in petri dish 6 cm diameter 
and *ivcm high in a 6 in. desiccator containing 


100 ml of desiccant 
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TABLE 21 (Continued) 


Dehydration of NiC1,.6H,0 at Different Relative 
Ga 


Humidities at Room Temperature m= 25°C? 


Specific Gravity of HSOy Desiccant = 1.60 
Relative Humidity =8.5 (74) 


BRP ceesctiethe HS ISE ne ack 
O 5 0000 O 6.00 O 
2 4 8876 112.4 Di (0 5682 
4 4.8297 LT Ona 5 aD 28.9 
6 4.7717 Cotes Dad 29 xO 
8 4.7129 2S wads 5.24 29.4 


epecrric sGravity *or HSO) Desiccant =1.'/0 
Relative Humidity =3.2 (74) 


O 5.0007 O 6.00 0 

at 49349 65.8 5.82 65.8 
3 4.8587 142.0 By Oe). 2.40.1 
2 4.7892 210.5 5.44 34.2 
fs 4.7024 298 .3 een 43.9 


a Dehydration carried out in petri dish 6 cm. diameter 
andl swom high in a 6 in. desiccator containing 100 mi 


desiccant 
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TABLE 21 (Continued) 


Dehydration of NiC1,,.6H,,0 at Different Relative 


Humidities at Room Temperature 25°C < 


Specific) Gravity. of H,SO), Desiccant = 1.80 


ee Hi Wt....of--the Wi. of. Totab--. Ratio Rate 
Hours Sample (gm) H,50 Lost (mg) H,O/NiC1, mgH,0/Hr 


0 5.0000 O 6.00 O 

1 4.9216 FOES Del Toro 
3 4.8171 lipmsin ts 5 od 52.2 
5 4.7296 270.6 5.28 43.7 
7 4.6454 354.8 5.06 42.1 


a Dehydration carried out in petri dish 6 cm diameter and 
1 cm high in a 6 in. desiccator containing 100 ml of 


desiccant 
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Dehydration of NiC1,,.6H,0 


lay. 3 \ 
Continued) 


Humidities at Room Temperature 25°C" 


Magnesium Perchlorate Desiccant 


ame ET Wt. of the Wt. of Total Ratio 

Hours Sample (gm) H,0 Lost me ) H,0/NiC1 
O 5.0000 O 6.00 
ai 4.8893 LO. 7 5.70 
3 4.7986 201.4 5 .A7 
a 4.7017 298 .3 5 aL 
‘i 4.5901 409.9 4.91 
9 4 gel Det «Y 4.66 

Phosphorous Pentoxide VDesiccant 

0 5.0000 0 6.00 
i 4.887? 112.6 ary 60. 
i 4.7950 205.0 5.46 
5 4.6958 304.2 5.19 
vi 4.5837 416.3 4.90 
9 A AB15 518.5 4.63 


at Different Relative 


Rate 
mgH,,0/Hr 
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Dehydration carried out in petri dish 6 cm diameter and 


1 em high in a 6 in. desiccator containing about 100 gms 


of desiccant 
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TABLE 22 


Rate of Dehydration of NiC1,,.6H,0 Under Different 
Relative Humidities 


Desiccant | Rate of Loss of H,,0(mg/Hr) 
H,80), (ape ars | 1.50) 18:,.0 
H,80, (Sp. Gr. 1,60) 30,0 
HS0), (So. Gr. i. 70) 38.5 
HS0), [op eGi. J.00) 46,6 
Mg (C10,)., 50.7 
Po 51.4 
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and tneéir plot with respect to the efficiency of the desiccants 
is shown in Fig. 48. It can be seen that the reaction was 
followed for only 8 to 9 hours to determine the trend; but in 
each case the end product was analyzed to ascertain the hydrate 
which was stable at that humidity. The results of these ana- 


iyvses are glven- in Table. 23. 
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TABLE 23 


Stable Hydrates of Nickel Chloride in Atmospheres of 


Different Relative Humidity 


Shs ease Relative Time Form of 

H,S0), AUG ae cy Obs. Hydrate 
Ate. @) SOs! a 
eS 70.40 ~ a 
Leese Bees ~ b 
ese Abe ae, ~ C 
iS sto rh®. 48 hrs. 6.08 
alee 51.4 48 hrs. 6.05 
1.34 49.3 48 hrs. O01 
poo 47.2 eu hrs. 5.99 
iG HDs, Au yrs, 5.98 
bai 43.1 24 hrs. Gr. 
lage 4d. lL week Dee 


a Absorbs water from the desiccant. Solid finally 
Hullo iKco SOLuviON. 

b Tnitially loses water. After 24 hours starts 
absorbing water from the desiccant. 

C Initially’ loses water. After a week starts 


absorbing water from the desiccant. 
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TABLE 23 (Continued) 


é 


Op recur, Relative Time Form of 
HSO), Humidity Obs. Hydrate 
1.38 41.1 2 weeks 3.98 
1.39 39.0 1 week Ae OF 
bend 39.0 2 weeks 4.05 
1.40 Bh 1 week 4.01 
1.40 Stel 3 weeks 3.99 
1.42 S372 1 week 4.01 
Lite 29.4 1 week 3,98 
1.46 25.0 1 week 3.92 
1.48 22 ie l week S202 
260 16.6 96 hrs. 2.02 
1.80 -- 43 hrs. 1.99 


Using phosphorous pentoxide or anhydrous magnesium 
perchlorate as desiccant, the end product obtained was 


NiCl1,,.cH,0. Prom Teblesesea.t aseevident.that for. the, pre- 


paration of NiCl,. 6H, 


Nil, .4H,0, 37.1%, corresponding to sulphuric acid of speci- 


0, the best humidity is 47.2% and for 


fic gravity 1.35 and 1.40 respectively. For the preparation 


P Hy 
of NiCl,.cH, 


sulphuric acid (Sp. Gr. 1.84), anhydrous magnesium perchlo- 


any effective; desdicecants,. ¢.2.,. concentrated 


rate or phosphorous pentoxide, may be used. These observa~- 
VLongecont limnthat che stables hydrates for nickel chloride 


.4HeO wands Nd Ol.» 2H.0. 


are NiC1,,.6H,0, NiCl, 5 2-H, 
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Infrared and X-ray Studies 


An attempt was made to obtain a quantitative sus- 
perisien of the hydrates. The major difficulties. associated 
with the preparation of mulls of quantitatively known concen- 
tration are initial dispersal and subsequent suspension. Uni- 
form dispersions of the lower hydrates were prepared in a vibra-_ 
ting ball mill (Hilger and Watts). The higher hydrates had a 
tendency to agglomerate during milling and were finally pre- 
pared by hand grinding in an Agate mortar. The hand ground 
mulls were generally less uniform than those which were mecha- 
nically ground. These mulls were all prepared by mixing toge- 
ther a weighed amount of salt and a weighed amount of the 
mulling agent. It was found most convenient to use an amount 
of salt such that the concentration of nickel in the mull was 
the same for all samples. Assuming that a uniform dispersion 
was obtained which incorporated all the salt and all the mulling 
agent into the final mixture, the suspensions contained nickel 
aus Cencelcration.of O;2 meolal. This: particular concentration 
was chosen as a compromise between the ease of preparation of 
a uniform mull and the ease with which the mull could be intro- | 
duced into the infrared cell. At higher concentration it was 
Gitfcul, co transier to the abserption cells wnile at lewer 
concentrations the chance of solid particles separating from 
the medium increases. By trial a 0.2 molal suspension was 


found to be convenient for-a cell thickness of O.1 mm. The 
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suspension was transferred to a 0.1 mm cell, with sodium chlo- 
ride windows, with a hypodermic syringe. By careful manipula- 
tion of the syringe most of the trapped air bubbles were eli- 
minated before the samples were introduced into the cell. A 
homogeneous suspension in the path of the light beam, free 
from minute traces of trapped air, was obtained by manipulating 
the stoppers of the cell. Once the samples had been introduced 
Mies) bie absornuL_on. cell further difficulty of settlingx~er the 
suspended particles was encountered. It was found that this 
could be partly overcome by the use of a high density, high 
viscosity suspending medium. Fluorolube S-30 served this pur- 
pose very well while Nujol did not. Consequently the fluoro- 
lube mulls gave reproducible transmittance as shown in Fig. 49. 
The spectra obtained from Nujol mulls were not 
quantitatively reproducible. The spectra for 0.2 molal sus- 
pensions of NiC1,.6H,0, NiCl,.4H,0 and NiCl,.2H,0 in Fluoro- 
fube S-30 are shown in Fig. 50; .for the O-H stretching region, 
at normal and at five times expansion... The transmittance scale 
for each spectrum has been shifted to give a clear represen- 
Gation of the spectra. The spectra for the O-H bending re- 
gion,are’ shown in Fig. 51. The Nujol. mulls were prepared by 
hand in.an Agate mortar and the spectra were run in a demoun- 
table cell with sodium chloride windows. The spectra obtained 
for NiCl,.6H,0, NLCL,,.4H,0 and NiCl1,.eH,0 for the 800 omt 


region are shown in Fig. 5e. 
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The spectra of the various stages of hydration of 
nickel chloride in Fluorolube S-30 for the O-H stretching and 
bending regions with normal expansion are shown in Figs. 53 
and 54. The spectra at five times expansion of the O-H stret- 
ching region are shown in Fig. 55. The transmittance scale 
in each-case has been shifted for clarity in presentation. An 
attempt was not made to obtain the integrated intensity of the 
absorption bands since they were so broad. The bands which 
were identifiable in the spectra of the partially dehydrated 
salts are catalogued in Table 24. Table 25 gives the positions 
of the bands identifiable in the O-H stretching region fora 
series of different transition metal hydrates. 

Typical X-ray powder patterns were determined on 
samples prepared by grinding material of appropriate composi- 
tion under fluorolube oil in.a mortar. These suspensions were 
then mounted on plates and placed in the sample holder of a 
Norelco Diffractometer. The patterns obtained by irradiation 


with X-rays from a copper target are shown in Figs. 56 = 58. 
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TABLE 24 


Prominent. Bands of the: Infrared Spectra of: 


Hydrated Nickel Chloride in em™* 

Hydrates stretching region® Bending, resion 
NACL, 6H,,0 SoS Saehe, Sio> -- 1600 
NiC1,5.5H,0 3516 3405 3140 1636(s) 1600 
NiC1,5H,0 Sauhomt merci sulci en viksie 1595 
NiC1,4.5H,0 3505 33908) 3250 1645 1595 
NiC1,4H,0 3515 338588) 3290 1655 1605 
NiC1,3.5H,0 3505 3380 3290 1640 1600 
NiC1,3H,0 3500 3390 3295 ae 1605 
NiC1,2.5H,0 3495 3390 =. = 1605 
NiC1,2H,0 3495 3305 ~- -- 1605 


(a) Values reported on the basis of 5 times scale expansion 
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TABLE 25 


Prominent O-H Stretching Frequencies 


of Different Hydrates in em 


NiC1,,. 6H,0 3515 3415 3135 NiC1,,.2H,0 3495 3385 
CoCl,.6H,,0 3528 3393 Sos CoCl,,.2H,0 31.03. 38176 
NiC1,.4H,0 3515 3385 3290 MnC1,,.2H,,0 3443 3188 
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DISCUSSION 


BRquilibrium Studies 


Application of the phase rule criterion to the data 
presented graphically in Figs. 22, 23, 24-shows quite clearly 
that there are only three hydrates of nickel(II) chloride 
whieh have significant ranges of stability. These are 
NiCl,.6H,0, NiC1,.4H,0 and NiCl,.cH,0. Of these NiC1,,.6H,0 
is stable up to about 36°, NiC1,,.4H50 is stable in the tempe- 
rature range 37 - jasutt and NiCl,.eH,0 is stable above Tio, 

An effort was made to pinpoint the transition temperatures 
through the variation of log P as a function of 1/T as shown 
in Figs. 25, 26, 27, 28 and 29. The intersections of the 
portions of these curves of different slopes reveal the 
positions of the transition points. These were found to 
SCCur au San for the transition between hexa-and tetrahy- 
drate and at fasriae for the transition between the tetra- 

and the dihydrate. The first of these transition tempera- 
tures had been determined quite accurately by Derby and 
Yngve (8). The present value is in excellent agreement with 
that reported previously. The second transition temperature 
had been estimated by the same workers to be about 75°. The 
present work confirms the earlier estimate, and a somewhat 
more accurate value of Vasko is reported here. 


Perhaps the most significant conclusion from the 
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log P vs 1/T plots for this system can be drawn from the num- 
beriofediscontinuities rather than their positions. The fact 
that the only discontinuities observed throughout the annem 
rature range studied are known to correspond to the transfor- 
mation of hexahydrate to tetrahydrate and of tetrahydrate to 
dihydrate strongly suggests that these are the only hydrates 
which are able to form in this system. This seems a reason- 
able conclusion for with very few exceptions these have been 
the only hydrates reported for the halides of the divalent 
metals of +the first transition series. There are two notable 
exceptions yte this generalization. .The:first of these :-is 

the result of some observations on cobalt(II) chloride in 
mixed solvents by Katzin and Ferraro (94). In this case the 
ternary: phase diagram showed evidence for the -existence, .in 
avery narrow stability range, of a trihydrate. The existence 
of a trihydrate in the present instance would have been of 
great advantage in some of the calculations to be reported a 
little later in this work. However, the evidence discussed 
above suggests that if such a hydrate is present it cannot 
differ in stability from that of the tetrahydrate by more than 
TOO co ro0 cali iL o nas “as much asa 10° stability range. 
This is the estimated discontinuity in the slope that could 
have been dismissed as experimental uncertainty. Of course, 
if the stability range was only a few degrees, then the un- 


certainty of the slope would have fallen completely ona 
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single point and could easily have been missed. However, 
analyses of solid phases failed to reveal the presence of 
such a material in the range of 36 to ide similarly, infra- 
red and X-ray measurements to be discussed later showed no 
evidence for a trihydrate. 

The other notable exception was a report by Castor 
and Basolo (55) of NiC1,.5.5H,0 and NiC1,.5H,0. These 
Dnaeee Were. reporved Ol tne basis of differential kinetics 
of dehydration measurements, and will be discussed in a 
subsequent section. 

The curves of Figs. 25, 26, 27, 28 and 29 are use- 
ful from another aspect inasmuch as they yield information 
which is of thermodynamic significance. In Fig. 28, the low- 
Penperoacurec, POrumoneo. the curve refers To the equilibrium 


represented by the equation 


(op a acco agen 2 
NiC1,.6H50(.q) ——— NiC1,-4H50(.) + 2H50/,.) 
The equilibrium constant (K.) for this reaction is given by 
D | 
har 5 
p 


Insertion of 3 in the Clausius-Clapeyron equation 4° gives 
an expression 6 for the variation of the equilibrium constant 
with the temperature. Consequently, the slope of the linear 


plot 
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dinP> _ Ax® 5 
dv RT“ 
O ‘ 
OLE AH vv a 
dT ORT 


Ota Lones ee oe LUNG LON OF IG allows AH® for the reaction 2 

to be calculated, Ina similar way AH°® could be calculated 
for any other vaporization process which occurs in this system. 
The thermodynamic quantities which have been calculated in 


this way are given in Table 26. 


TABLE 26 
Enthalpy and Entropy of Decomposition 


of the Hydrates of Nickel Chloride* 


/ 


AH® AS® (eu) 
Hydrate Koalymele 274020 36.0.0. 377070) 55,020. .70,0-0 
NiC1,.6H,0 9.70 32,3 3i,4t 
NiC1,.4H,0 13.54 43,6 41.3 Dae 


* Values reported as per mole of water lost 


On the basis of the data in Table 26 it is apparent that the 
principal difference between the hexahydrate on the one hand 
and the tetrahydrate on the other resides in the degree of res-~ 
triction which is placed upon the motion of the labile water 


molecules in the solid state. The restriction is considerably 
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less in the case of the hexahydrate, 

Since the heats of decomposition of the hydrates as 
reported in Table 26 are reproducible to t 0.2 Keal/mole it 
was felt desirable to use these values, together with other 
thermochemical quantities available in the literature 95.) , TO 
calculate heats of formation for nickel chloride hydrates. 

In this calculation AHf° for NiC1,.6H,0/.) will be taken as 
505.8 Keal/mole. 
NiC15.6H50(,) === NAC1,.4H50(,) + 2H50(g) AH? = 19.4 Keal/ 


mole 
Ni eu ee  ——5 NIG. 6.0 AHf° = 505.8 
(s) 2a} “(2) (gz) ar e'(s) Keal/mole 
2H_O == 9H +0 AH? = 115.6 
2~(g) P18) oe we he) Keal/mole 
whence 
° = e O 
Ni(s) 5- C15 (g) Be AEs ( gn) SS 205 (g) —_— NiC1, .4H50(.) AHf~ = -370.6 


Keal/mole 
This value of -370.6 Keal/mole for the heat of formation of 

the tetrahydrate is in good agreement with the value of 364.6 
Keal/mole which is currently found in the literature (95). In 
view of the internal consistency of the present results this 
value is to be preferred over that which has been reported pre- 
viously. Ina similar way a value of -227/.9 Keal/mole is 
calculated for the heat of formation of the dihydrate. This 
value is in agreement with the literature, (95) value of -220.8 


Keal/mole but should also be taken to represent a significant 
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improvement over that which is now available. 

There are two apparent inconsistencies in the plots 
ehelogmPias abfunctilon«<ofsh/TMn* Figs: 26 and 29, which re- 
quire comment. It was observed that when, during the course 
of observations at increasing temperatures, a transition 
temperature was passed, the pressure readings taken for in- 
creasing temperature did not correspond to those taken for 
decreasing temperature. In fact, the decreasing temperature 
curve was merely an extension of that obtained for a solution 
of the same composition on the high temperature side of the 
transition point. Thus, the transition back to the low tempe- 
rature stable phase did not in fact take place at the tran- 
sition temperature and this decreasing temperature branch of 
the curve represents a metastable equilibrium. It is, 
therefore, without significance for the system under discus- 
sion. 

The other apparent inconsistency may also be 
traceable to a condition of metastability in.the system. [In 
Fig. 29 the pressure values recorded in the region of 37 - 
ho? appear anomalously high. This will be shown below to be 
due to liquid crystal formation in the system in this tempe- 
rature (réegbon. 

The data shown in Table 11 can be substituted into 
the Clausius-Clapeyron equation to yield values for the heats 


of «solution of the hydrates. From the slope of the line 
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representing the solibility behaviour from age tO 36°C the 
heat of the solution of NiCl,.6H,0 was calculated to be 1.46 
Keal./mole. From the slope of line representing the solu- 
bility behaviour from 40° to 55° the heat of the solution of 
NiC1,.4H,O was calculated to be 1.16 Keal./mole. 

If the solution phase is identical irrespective of 
whether the solid phase is NiC1,.6H,0 or NiC1,.4H,0 then it 
is possible to use a thermochemical cycle similar to the one 
used above, together with the heats of solution determined 
here, to obtain a completely independent check upon the heats 
of formation. of the: tetra-and dihydrates. .A-priori, no 
difference in the solution phases would be expected. . However, 
it was shown in.the course of the present work spectraphoto- 
metrically that as the temperature increases to around 90° 
there is a tendency for chloride to enter the inner coordi- 
nation sphere. This can be seen from the effect. of adding a 
soluble chloride to an aqueous nickel solution. The peak at 
422 mu gradually shifts upon addition of chloride to about 
400 mue This same shift in Shee can be observed upon heating 
BepOlutton ter aickel chlorideito the vielnity of the boiling 
point. © The spectraphotometric method. is however, a very 
insensitive method for detecting such changes and as a con- 
sequence an alternative was sought. The alternative that was 
finally selected was the displacement of water from the vici- 


nity“of the-nickel Lon by ethylenediamine. It was thought 
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that the displacement of water molecules by ethylenediamine 
would result in an increase in the vapour pressure of the sys- 
tem whereas displacement of chloride ions by ethylenediamine 
should result in a decrease in the vapour pressure of the sys- 
tem. The experimental observations lead to the conclusion 
that only the former behaviour pattern is apparent. The va- 
pour pressure of the solution increases smoothly until the mole 
TeuLo OL ety lenediemine to nickel. chloride is 2.77, At this 
mole ratio the solution becomes saturated with respect to 
tris-ethylenediaminenickel(II) chloride, and further increase 
of the vapour pressure of the solution beyond this mole ratio 
is not quantitatively interpretable. However, it should be 
pointed out that the vapour pressure curve goes through a maximum 
(Figs. 31,32. .& 33) near a mole ratio of three and then, when 
excess ethylenediamine is present in the solution, begins to 
fall in just the way expected for a water-ethylenediamine mix- 
ture (Fig.59a). In spite of the difficulty associated with 
the separation of solid at the 2.77 mole ratio the use of such 
a concentrated solution (H,O/NiC1, = 13.49) was justified by 
the dojective of the experiment. This was, of course, to in- 
vestigate the intimate atmosphere of the nickel ion near the 
Solupiliity limit. This concentration mepresents ‘a compromise 
between maintaining a homogeneous mixture over a reasonable 
range of mole ratio and proximity of the solution investigated 


to the saturation concentration. 
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If the initial assumption, that the ethylenediamine 
displaces water molecules from the solvation sheaths of the 
ions to the body of the medium, is correct, then it would be 
expected that, when water molecules bound to the nickel ions 
are displaced, the vapour pressure should increase. That this 
expectation is realized is fully evident from Figs. 31, 32 
and 33. Evidently the maxima do not occur at the expected 
en/NiCl, ratio 3:1. The maxima seem to be displaced to about 
3.5. 

Several conjectures can be offered for the displace- 
ment, shown in Figs. 31, 32 and 33, of the maxima above the 
expected en/NiC1, ratio of 3:1. A part of the ethylenediamine 
may behave as a unidentate ligand. This assumption however 
cannot be substantiated and seems highly improbable. It has 
been observed that, when the composition of the system en/NiCl, 
lies between 2.56 and 2.77, precipitation of the ethylenedia- 
mine complex of nickel chloride takes place and remains for all 
temperatures. A result of this precipitation would be dis-= 
placemént of water from the secondary solvation sheath. Ethy- 
lenediamine beyond the theoretical ratio would further reduce 
the solubility of the complex and release more solvent to the 
pody of the solution. 

Evidently the maxima observed for en/NiCl, remains 
sensibly constant from 23°C to 50°C. This might mean that the 


environment of Ni(II) ion remains unaltered throughout this 
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temperature range. A satisfactory proof that the environment 
of Ni(II) ion remains unaltered is evident from the results 
given in Tlable-e/. 
| From the thermodynamic measurements of the NiCl,- 

H50 System the vapour pressures of homogeneous solutions of 
various compositions were known at different temperatures 
(vide Figs. 22 and 23). It was assumed that when the vapour 
pressures of two systems were identical at a given temperature, 
bHeLr H,O/NiC1,, ratio would be the same. Since vapour pres- 
sures corresponding to particular compositions of en/NiCl, 
were determined in water solution, these were extrapolated 
to determine the value of H,0/NiC1,, corresponding to this va- 
pour pressure, assuming tacitly that the only phenomenon ope- 
rative was the release of water molecules to the body of the 
solution. Now, knowing the initial H,O/N1CL, ratio and sub- 
tracting this from the value obtained by the reaction of 
aqueous nickel chloride solution with ethylenediamine, thie 
extent of dilution-due to release of water can be calculated. 
This would be made clearer by the sample calculation“given 
below for ng da 

Composition of initial solution - H,O/NiC1, = 13.49 

Addition of ethylenediamine yielding a ratio of 

en/NiC1, of 1.26 shows a vapour pressure of 20.70 
mm Hg. This corresponds to H,0/NiCL, Of +190.  Sub-= 


tracting this from 13.49 the value 5.5 is obtained. 
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TABLE 27 


Release of Water to the Medium by the Reaction of Ethyl- 
enediamine with Aqueous Nickel Chloride Solution at Dif- 
ferent Temperatures 


Imivial MiOLe ravio: i O:NiCl, 13 .49:1 


Mmole ratio ster wobectio, Mmole ratio Mean 
Temp (°C) en/NiCl1, H,0/NICL, 
af Led BAS PS, 
30 Leo Lowe 
35 1.26 toe sie pas: 
LO ees ET ok 
45 Treo 18.9 
50 leo iho PAS. 
ite 1.9 20.6 
30 BERS Be eae. 
35 1.91 20.8 
LO Dae ea Ue 20.8 
45 n> 20.6 
50 ol, 20.8 
aa 2.00 ap a 
SU 2.00 eked s 
35 2.00 palace al Pie 
LO 2.00) 21.4 
46 2.00 2 Lane 
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This means the 5.5. moles of water have been re- 
leased for 1.26 moles of ethylenediamine. On the 
basis that for each ethylenediamine molecule there 
should be two water molecules released, the release 
in this case should be:-2.52 moles of water... Thus, 
the relation between the observed and the expected 


water released is 2.2. 


From Table 27, it can be seen that the water released 


to the medium remains constant, to a first approximation, 
throughout the temperature range. It can also be seen from 
Table 27 that for en/NiC1,, mebt-osohvli<2O,7.éOb and-2.200 «the 
ratio of calculated mean value for H,0/NACL, are 19.0, 20.8 
and 21.3. On subtracting these values from the initial value 
of 13.49 the increase in values are 5.5, 7,3 and 7.8. The re- 
lation between the observed release of water molecules to 
those expected are 2.2, 1.92 and 1.95. Thus, the increase of 
vapour pressure corresponds to the release of approximately 
twice the expected amount of water. This must mean that the 
introduction of ethylenediamine causes the displacement of 
both intimately and tenuously bound water molecules. 

Though it is known that the temperature induced 
transition ini the solid phase from NiC1,,.6H,0 tO NiCl,,.4H,0 
occurs around a6e8°0:, there was no evidence for such a tran- 
sition in solution. In solution there are two competing pro- 


cesses occurring, the association of Ni(II) ion with water 


r93ew Io asicom .¢c,.¢ ef? sreaem aidt 
ait 20 ,entme lpenolydse to eslom d8.f[ xot beasel 
steniys slvoselom sximetbensivats cogs tot Jedd otesad 
fet od? ,beseeis: aeeiuosiom tetaw ows ed biktodta 

. enn tetew 7 som S@,.S ed Sluocdea ears sbrid ni 
atosgxs aft boa Bbevreado srt asswisd notesler ent 
»S.S at bessaslet tevaw 


redsw edt cvadt mesa ed aso ¢t .YS eldaT mort 


Ivamlxowggs Jarll & of ,tnatanmo anismet mibem edd of 


mort tees ed cals mao 3I ,.samet srudvategmey edd tyornauordd 


sit OO.S base [0,f .OS.f Yo otvan ,[OLW\as cot dad? TS elidel 
=) 
QL ore LOLY\O.N tot exisv neem betsivolso to olvad 


iivginr sis mort aeulav esadt antioatidua a0 .€.f5 Bas 
ait] 5.7 bre €.) .2.2 ote sentsv ob seseront edt O4.EE to 

asluoslom telew lo saselst Bbevteedo end? meswisd notival 
seetont ery ,enwrT .@€.[ bos SO.fl .S.8 ets besoeguxe ssod? 


mixorqggs 10 Sas6let sav oF abmogeetioo sivEesetg twogav 


; 

© 
» 

yy 


tent neem Saum efat .tevew to tryons betosqte sat sotw7 
to Jitsmeosigelh ed? aseusso satmelbemetydis to aolvoubougnt 
.eelyosiom telew Bouwod vlevouned Bae vietamitgan£l siod 


- 


eig tadt owoml at tf AswonT 


Pu 
"> 
‘h 
i 
a) 
i 


He.foLH of O.Hd.-LORM moet saada Bifiea edd AL Aobd tanese 


o 
-iteut 8 howe tot sonebive om sew etsdd ,D E,0€ Dawote sivoce 


-oTg aniveqmos owy ets stait goltulos al .aeisick ab neliis 


LY Oe 


and the association with chloride ions. In order that there 
be a transition of one form into another it is necessary to 
change the relative free energy of these two association pro- 
cesses in such a way that the free energy decreases with chlo- 
ride ion association than that with water. So long as the 
structure of the solid remains constant the free energy of 
water association remains approximately constant. Since the 
structure of water does not appreciably change with tempera- 
ture up to its boiling point it is not surprising that the 
temperature induced transition was not visible. 

In view of this demonstration of the substantial 
equivalence of the solution species throughout the temperature 


range of interest, the cycle shown below becomes valid 


NiC1,.6H,0 + nH.O ——»NiCl.,aqg + (n+6)H,O AH = 1.46 
ere’ (s) B : ‘ Keal/mole 


NiC1,,.4H,0 + (n42)H,0 — NiCl,aq + (n+6)H,0 A= 1,16 


s Keal/mole 


Since the heat of formation of the solution phase must be the 


same in each case, 


NiCA 4 6H-07e5 N11. 4.0 + 2H,0 AHees (2246 
a AB) oe te) p. (1) F446) Kost? 
mole 

Oo 

Then, since AHf'y.c1 670 - 505.8 Keal/mole 
capivias Apres”. 

and AHf° = - 68.4 Keal/mole 

H,0 


it can be shown that AHf®.. = -368.7 Keal/mole. This 
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value, obtained on the basis of a completely independent me- 
thod, lends support to both the value for the heat of formation 
of NiCl, .4H,0 obtained from the vapour pressure measurements 
(-370.6 Keal/mole) and to the values for the heats of solution 
of these two phases. Now, since it was not experimentally 
convenLent™toldetermine a heat of solution value for N1iCl-, 


2 
2eH.O it is probably reasonable to turn the calculation above 


z 
around and use it to calculate a value for the heat of solu- 
tion of the dihydrate. When this was done the heat of solu- 
tion of NiC1,.2H,0 was calculated to be -4.7 Keal/mole. This 
does not represent unreasonable agreement with the value of 
-10.1 Keal/mole reported for solution in 400 moles of water. 
The .data obtained from the equilibrium vapour ‘pres- 
Sure studies in the temperature range 25 to Te are uniquely 
explicable on the basis :of the existence of only three so- 
lid hydrates within this interval. These are NiC1,.6H,0, 


NiC1, .4H,0 and NiC1l..2H.0. However, the'claim has been made 


ee see 

(55) that equilibrium studies are insufficiently sensitive 
to detect hydrates which are closely similar to adjacent hy- 
drates. A differential kinetic technique has been suggested 
aS being capable of supplying this additional sensitivity. 
The claims which have been made for this technique will be 
examinédein.thé next section. 

Kinetic Studies 


From Fig. 36, it is evident that the differential 
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decomposition curves exhibit maxima and minima. The dis- 
continuities in the rate curve are not very marked when the 
rate is plotted as weight loss per hour, but become more so 
when plotted as weight loss per two hours. From the curve 
it can be seen that such a method of determining whether or 
not particular hydrates exist would be quite approximate. 
Even though the temperature was not carefully controlled it 
can be seen that the type of minima observed by Castor and 
Basolo (55) for nickel chloride hydrates were not obtained in 
the present case. For the dehydration of a 6.5437 gm. sample 
of NiCl1,,.6H,0 Castor and Basolo observed that, around NiCl,. 
4H,0 the rate of loss of water was about 6 mg./hr. In the 
present case, for samples a little less than 1/2 & 1/4 of the 
the observed rate was about 12 mg./hr. and showed rather 
blurred minima. This latter observation is in sharp contrast 
to that of Castor and Basolo, shown in Fig..11(1). The dif- 
ference between the present study and that due to Castor and 
Basolo can be explained on the basis of the observations of 
Crowther and Coutts (52) who found that the particle size and 
the placement of the hydrate do influence the nature of the 
differential decomposition curve. 

The differential decomposition curve obtained by 
carrying out the dehydration on a quartz spiral balance in 
an evacuated system containing Mg (C10), desiccant is even 


less conclusive. As is evident from Fig. 38, the minimum in 
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the differential rate curve changes its position with chang- 
ing time interval. It is probable that the minima are related 
to the mechanism of the decomposition process rather than to 
the experimental imprecision and temperature fluctuations. 
The differential decomposition curves for the con- 
trolled temperatures 25°C, 35°C and 45°C for the dehydrations 
carried out in vacuo on a quartz spiral balance shown in Figs. 
40, 43 and 44 clearly demonstrate that the rate of decompo- 
sition starts at a low value, passes through a maximum and 
finally falls off again. Minima are observed to be super- 
imposed on these curves but whether they can be associated 
with the existence of intermediate hydrates is uncertain. An 
explanation for the shape of the differential decomposition 
curve ‘might «be found in the changes:in the reaction geometry. 
This suggestion was advanced by Allen (96(a)) for the thermal 
decomposition of AgO. In physical terms, the reaction occurs 
via rapid nucleation over the whole surface followed by a 
rate controlling movement of the reaction interface towards 
the center of the crystal. The changes in the rate :.of re- 
action at different stages were interpreted in terms of the 
diffuseness of the reaction interface. This interpretation 
was supported by measurements of surface area and by X-ray 
measurements. Thus, it is evident that the shape of the dif- 
ferential decomposition curve is markedly dependent on the 


geometry of the system and that the identification of parti- 
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cular hydrates on the basis of the position of the minima in 
the differential decomposition curve is at best uncertain 
and reporting new hydrates on this basis alone is rather pre- 
Sumptuous. 

It is generally observed that the integral decom- 
position curves may be divided into a linear and a nonlinear 
part.) Itéis seeniin Figs. 39,40, and 41 that ‘the «curves 
remain sensibly linear to the point corresponding approxi- 
mately to 50% decomposition, considering the conversion of 


NiC1,,.6H,0 to NiCl,.cH O to represent 100%. The linear part 


= 
could then correspond to the decomposition of NiC1,,.6H O:into 


2 
NiC1,.4H,0. For this portion of the decomposition an appa- 
rently zero order rate law is observed. Beyond 50% decom- 
position the curve bends and the overall shape is typically 
Sigmoid. For the bent part of the decomposition curve :a 
first order rate law is observed till about 75% decomposition 
(NAC1,,.3H,0) followed by a second first order portion which 
persists down to about 95% decomposition. If these are sig- 
nificant they could mean intermediate formation of NiC1,,.3H,0 
which then decomposes by another first order process witha 
different rate constant. Since there is no other evidence to 
indicate the existence of NiC1,,.3H,0 this observation must 
be weighted only lightly and other explanations for the beha- 
viour ‘sought. There is a possibility that this behaviour is 


related to structure. 


to efes ac fro Ravarbyan welts 


* a rt 
ofsta i g Jitsnere. 


oy 


we) fy WITs. J+ *IO 


1fh eng 


qoi7 bos 


be =" " 
a aLIO’U rama 


jobtvih od Vem eevewo noktbaog 


*s .OF ,antd ob nese at JL sae 

[ jtanea nismet 

; 2 10 is HOoS! Yisvam 
; 4 ru do. LOIN 

neds Distros 

fait x .O.Hh. .LO5n 


‘ to drsq tned sdt tod ~bfompta 
tt? bevese et wai evar stebto garkt 

hoeose s vd bswolfot O HE, .L0.1M) 
soqmoosbh &2, tyods of nwob evelateq 
yeody insolita 
TYeitvons vd sseoqmossb mont dotsw 


eit sonta _tretecoso sisx tae veTTtb 


eivo bus vyitrintl vino betdatew ed 
{Idiseoq s eal sxyendT .tdavoe solv 


.ewmutoutie of betsist 


180. 


9 +2H,0 are 


entirely dissimilar (vide Structural Studies) and as a 


The structures of NiC1,, .4H,0 and Nicl 


result the transformation from one to the other would in- 
volve a considerable migration of ions and molecules. On 

this basis it is not difficult to conceive that the decomposi- 
tion of the hexahydrate should occur by a different process 
from the decomposition of the tetrahydrate. Furthermore, if 
the rearrangement of the lattice is involved in the rate de- 
termining step of the tetrahydrate decomposition, the reaction 
could be extremely complex and the observation that this por- 
tion of the curve 18 separable into two first order ‘portions 
purely fortuitous. 

The integral decomposition curve plotted from the 
data of Castor (56) is shown in Fig. 59b. The portion corres- 
ponding to the conversion of NiC1,,.6H,0 to NiC1,.4H,0 is 
sensibly linear and similar in appearance to that obtained in 
the present study. However, at a composition corresponding 
to approximately NiC1,.3.5H,0 there is a conspicuous break in 
the curve. The second portion of the curve begins linearly 
and if extended further it would presumably appear similar 
in shape to the first part. Thus, the complete curve has 
the appearance of two superimposed sigmoid curves of the usu- 
ally observed type. A distinction is apparent in the inte-. 
gral decomposition curves observed in this study and in that 


due to Castor and Basolo (55). The explanation offered for 
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the difference in the differential decomposition curves is 
equally applicable to the integral decomposition. 

If the contracting envelope picture suggested by 
Taylor and Taylor is correct it should be possible to obtain 
a mathematical expression from such a model which reproduces 
the experimental results (96(b)). This envelope may have any 
Shape, but it is convenient for the present purpose to assume 
Some regular geometrical shape. A sphere has the most sym- 
metrical shape and has the smallest surface area to volume 
ratio. Hence the decomposing particles of NiC1,,.6H,0 are 
probably closer to spherical than to any other regular ‘shape. 
Consequently the derivation given below is based upon a 
Spherical model. 

Let n = number of molecular units in the surface 


area, o = rate of change with time = kn, where k = Pseudo 


rate constant. Area = hare® ; Volume = ar 

Number on surface _ Uorr® eee 

Number in total a ee ar 

3 
Number on surface eje total ae N 
net ee 
aoe k 2 Neeperane=- 3k N dt; N-= number ‘of particles 
at % hap soa as had 3 i z 
4 N.r.x>.p N = Avogadro's number; p = density 

2 Pic ie M M = Molecular weight 

Thus, = . M4 serityans aeSkl. (Na sede 
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On integration between the limits 1 and 2; 
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case in. question, the particles fell. in the range: 105-to150u. 

This expression fits a rate law similar in shape 
to that which is observed. However, such a rate law suggests 
continuous dehydration in proceeding from NiC1,,.6H,0 to 
N1iC1,.cH,0. Continuous dehydration, however, is not consis- 
tent with the present data. 

The dehydration of NAC1, .6H,0 to the final product 
NiC1,,.2H,0 might follow either of the two paths; direct de- 
composition or decomposition through intermediates. Evidence 
from X-ray diffraction powder patterns for different stages 
of dehydration (Figs. 57 and 58) from infrared absorption 
spectra (Figs. 54 and 55) and from the kinetic evidence 
(Figs. 39, 40 and 41), indicate that the decomposition scheme 
iss 


NiC1,.6H,0 ——y NiCl1,.4H,O ——NiC1,.2H,0 


fe 2 


WHUuessinaéachwease there, issevidence for the) disappearance 


of NAC1,,.6H,0 and the concurrent appearance of NiC1,,.4H,0. 


In no case is there evidence for NiC1,.ecH,, 
prior to the complete conversion of NiC1,.6H,0 to NiC1, .4H,0. 


Orin the ‘sample 


Then, once the sample has passed through the first dehydra- 
tion step, the dihydrate begins to appear as product. This 
stepwise decomposition scheme, at first glance, seems to be 
at variance with the near identity of the equilibrium vapour 


pressures of the hexahydrate and of the tetrahydrate. There 
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is, however, no apriori reason for a relationship between 
the equilibrium vapour pressure (a thermodynamic quantity) 
and the rate of decomposition (a kinetic quantity). The 
eviaucnce vl TULe’ OUT The posetbi lity of a reaetton 


meachanism as: 


Slow 


NiCl, . 6H,0 ——)N1C1,.2H,0 


2 2 
Fast 


+ 
2H 


NiC1, .4H,0 
is that the process of rehydration is very slow as seen 
in the present study. Obviously the mechanism would then 


be: 


-2H,,0 -~2H,O0 
NiC1,.6H,0 -—_—— NiC1,,.4H,0 —_—_—_ NiC1,,.2H,0 


The rate of decomposition depends largely on the activation 
energies for the processes involved and the mechanism of the 
migration of water molecules through the solid phase. 

The observations on the dehydrations performed 
under a variety of different relative humidities offer 
additional insight into the reaction mechanism. 

Evidently the relative humidity of the atmosphere 
plays a very important role in determining both the rate of 
dehydration and the shape of the integral dehydration curve. 
When the specific gravity of the H,SO, desiccant is 1.40 


the extent of decomposition is initially linearly dependent 
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upon time, At a composition corresponding to NiC1,.5.65H,0, 
there is a sharp decrease in the rate of decomposition which 
produces a marked discontinuity in the curve. This could be 
due to some adsorbed water present with the starting material 
and could also be due to a small change in the desiccant com- 
position. The end product at room temperature is NiC1,.4H,0. 
The decomposition curve for the H,80), desiccant of specific 
gravity 1.50, shown in Fig. 46(2), can be seen to possess some 
of the characteristics of the curves obtained at both higher 
and lower relative humidities. Superposition of curves 1 and 
3 in Fig. 46 would result in curve 2. The final product was 


NiC1,.2H,0, but about 96 hours were required for the sample 


2 
to reach this composition. The decomposition curves for 
HSO), desiccants of specific gravity 1.60, 1.70 and 1.80 are 
shown in Fig. 47. These have the same general shape as those 
obtained with anhydrous magnesium perchlorate and phosphorous 
pentoxide desiccants. 

From Table 21, it is evident that the rate of loss 
of water increases progressively with the decrease in the 
relative humidity. 

The equilibrium vapour pressures of water above 
HSO), (Spy pet lg O4), Mg(C10),) 5 and P50 5 in terms of mgH,,0/ 
liter at 25°C, are 3 x 10°", <5 x 107 and <5 x 107, res- 
pectively. Evidently the efficiencies of these desiccants 


are quite comparable and the difference will not be shown on 
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the relative humidity scale used here. With this in mind the 
dehydration rates for Mg(C10)). and P50, are also shown in 
Fig, 48 to give an idea of their position relative to the 
Soler Ces1ecaiits. lhese fall on the “same curve. The points 
lie quite close to that for H,S0, of specific gravity Typ 
This is quite understandable in terms of the low vapour pres- 
sure of water in equilibrium with the desiccants. 

Prom cnis i can be inferred that the rate control- 
ling step at higher humidity is the evaporation of the water 
molecules from the surface of the crystal. When the relative 
humidity is high the surface layers.of the individual crys- 
tallites contain significant quantities of vapourizgable water. 
It is suggested that loss of water by hydrate means loss of 
water from the surface of individual crystallites. The es- 


sential-processes which occur can be represented as 


k k k 
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In a physical sense, this means that water from the crystal 
hydrate diffuses to the surface, then becomes free vapour 
and is subsequently absorbed in the desiccant. For mathema- 


tical convenience let this be written as: 
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Resvumine <o, Cand DD. din equilibrium, then 
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This means that a plot of Sato versus |C] should 
Cive a Straiehnt line. The; plot is shown :in Fig. 60 and it 
Sone peveeen that 1-18 nou asstralignt line. This means thar 
simple evaporation from the surface cannot be rate controlling. 

Assuming now a Langmuir type dependence to be valid 
for the process B@=C, i.e. H,OupPace = HS Oa pour , the -ob- 
servations can be critically analyzed. 

Suppose @ is the fraction of the surface covered, 
then (1 - 9) is the remaining surface and |B] is proportional 
tovG, ~According to Lengmuir type dependences 
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(B] = K 0 where K = proportionality constant 
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Now, the plot off SL versus Phy where Ke is arbitra- 


rily assumed to have values between 0.1 and 1.0 is shown in 
Fig. 61. It 18 seen that when the value of kK, lies between 
0.3 to 0.4 a straight line relationship is observed whereas 
for higher or lower values a curvature of the line is observed, 
This must mean that the Langmuir ee dependence is valid 
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line is -20.4 mg/hz.mm. 


hic 


x 
vs ” 
—— 
« 
‘ 
an 
.. 


1800 
Zz. 
& 
. ene! 
alt - 
rd é 


» 
rf ~- > 
~~" OM 
-- —-~——e 
. ~ a 
: (S]ae @ sonte 
te itlancloxsqoua = X eredw OA = [A] 
/ ’ A 5 
La ei * [A] ,> =" 4 - 
| : _ 
» « - 
= -_ 
> a7 xt 
— 7 x -~-H = {Aj XxX @ 
“ Eg r we F 
.“J “aT 
[Oo] aA x 
~ “4 oa 
TS . > sone ea - A x - 
f 8% Tarts AS. 
ae: ¥- Ox. 
th) ADE ; 
x stan yr erty BE voy SALES, tola ett work 
bb “a A r ~ 4 ad 
pi ¢ pro [.0 neowled aeviav ever of bemvses ¥iic 


> Q ait nerw ted? neea et dL .fd .gtt 
ev Tezco jidenoltafe: anti tdaglatze a #,.0 of £.0 
oy 2 wisavwo sp ®sylsv tewol xo tangid tot 
? ‘sha save tlorgnal off ted? osem geum stat 
Pa. | 
Tak! Lupe =p Pe) Bae = sx asonts 4,0 xO &.0 & aw ro? 
S$ > a 
p ta ent 


C= i :O fers seasotg edt to? 


womti\em 4,09- at ectl 


19 "SHE $4 JO S3NIWA LNYS4sIG 40 NOILONNS V SV poe 
(D]SH+1 


[9] 
0:2 G-| 0 S-:O O 


191. 


G-e 


0:09 


192, 


kK K 
COMlGe 4 fee 
Sy, 
kK 
For Be ti O74 

Ko 

_ 20.4 
K.K_5 = Sol 

tei ele AU, = Arbitrary Unit 


The intercept = 51.4 mg/hr = k, LA) 


KALA) say 
Thus = —=—— A.U. AU. = Another -Arbitrary 
Kak Se ; 
aa) Unit 
=F A 
Bet Tai where B is another constant = Us) 
-1 
I 
If the value’ of B were unity, the value of -— would also be 


-1 
unity. This would mean that the rate constant for water mole- 
cules to diffuse\out of the crystal would be equal to that for 
diffustonsinto the crystal. Since the values of K and (a) 
are Motuknonn, it. 18 diificult to say anything more. .K-could 
be easily obtained by conventional gas absorption measurements 
for the determination of surface area. 


The rate expression 
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is the relative humidity, the slower is the rate of dehy- 
dration. At very low relative humidities the value of (C] 


is so small that the rate expression reduces to 


These rate expressions have been substantiated by the experi- 
mental measurements. Thus, at higher desiccant efficiency 
the rate determining step is the rate of diffusion of water 
to the surface and at lower desiccant efficiency the rate 
determining step is the evaporation of water from the surface 
of. the crystals. 

IO aGoncivsaion 1f can be sald that there ig no basis 


for the existence of hydrates like NiC1,,.5H,0 and Nil, .5.5H,0 


as propounded by Castor and Basolo (55) and the differential 
kinetic technique does not appear to be a rigorously valid 
criteria to exhibit the presence of all decomposing hydrates. 
The evidence mentioned hitherto strongly suggests that the 


only hydrates of nickel chloride are: NiCl,.6H,0, NiC1, .4H,0 


and NiC1,.2H,0. 
structural Studies 

Any attempt to come to grips with the factors under- 
lying the course of dehydration and the reasons for the sta- 


bility of one composition in relation to another must have its 


roots in an understanding of the structural parameters invol- 
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ved. This section is intended to point out and to estimate 
the importance of such factors. Particular stress will be 
laid upon hydrogen bonding. 

In the hydrates of nickel chloride the possible hy- 
drogen bonding interactions are O-H..0O and O-H..Cl. The 
relative importance of each of these depends upon the orien- 
tation of water molecules and chioride ions in the unit cell. 
Consequently, before the infrared spectra associated with 
different hydrates are considered, it would be advantageous 
to discuss briefly the crystal structure of the hydrates of 
nickel chloride in terms of the orientation of water molecules 
and chloride ions to be able to decide the nature of hydrogen 
bonding present in each case. 

The crystal structure of NiC1,.6H,0 is known (97) 
and it has been shown to be isomorphous with CoC1,,.6H,0 (98) 
whose crystal structure is also known (57). In view of this 
isomorphism the orientation of water molecules and chloride 
ions are similar in both CoCl,,.6H,0 and NiC1,.6H,0. A portion 


2 


ofa CoCl,,.6H O structural unit is shown in Fig. 62, 


ee ae 


Fig, 62 
The arrangement of atoms projected (a) on (010) and 
(b) on (100). Broken lines represent the hydrogen bond. 
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Four water molecules are seen to be arranged in a square plane 
around the cobalt(II) ion and the two chloride ions are placed 
one above and one below the plane and lying on a line perpen- 
dicular to the plane and passing through its center. Thus, 
four water molecules and two chloride ions surround the co- 
balt in an octahedral configuration. These octahedra and the 
remaining pair of water molecules pack together to produce 
the observed crystal lattice. The water molecules are seen 
to occupy two types of environment in the lattice. In the 
one water molecules are held primarily through interaction 
with the metal ion. In the other they are held primarily by 
dipole forces acting upon the adjacent chloride ions and wa- 
ter molecules. The units pack in such a way that both O-H...0 
and O-H...Cl interactions are possible. 

The crystal structure of NiC1,, .4H,0 is not known 
nor is the crystal structure of any system isomorphous with 
it. However, it can be imagined to be derived from NiC1,,.6H,0 
by removing the two water molecules not directly linked to 
the metal ion and sliding the octahedra of adjacent layers 
closer together. An approximate picture is shown in Fig. 6S: 
The suggested similarity in the structure of NiC1,.6H,0 and 
NiC1,.4H QO is substantiated by the similarity ameclr pow- 
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der X-ray diffraction patterns (Fig. 56). 
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In this paeae ois ehleride :-ions.ijie in one plane :occupying 
four coordination positions and the two water molecules lie 
one above and the other below the plane in the other two octa- 
hedral positions. These linear chlorine bridged polymers are 
packed in the lattice in such a manner that each water has 
elght chloride ions as nearest neighbours. dIn-a structure 
of this kind the-likelihood of water to water interaction is 
very small. The predominant hydrogen bonding must be O-H...Cl. 
This interaction is weak compared to the O-H...0 interaction 
and would not be expected to contribute greatly to the energy: 
of the system. From the above discussions of the structure 
of the hydrates of nickel. chloride it is evident that the 
three hydrates are closely related and transition from one 
structure to the next can be easily visualized as shown in 
Hag, 654 | 

There are three important regions in the infrared 
spectra of the hydrates of nickel chloride. A broad unassigned 
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, the O-H bending region around 1600 cm” and 


a 


band at 800 cm 
the O-H stretching region around 3500 cm™ 


The band at 810 ania 


is seen, in ‘Fig. 52, to be pre- 
sent in the absorption spectrum of NiCl1,,.6H,0 BUtenet .in 

those of NiC1,.4H,0 or NiC1,.2H,0. There is an indication 
that the intensity of this band decreases as the composition 
of the system is altered in the direction indicated by the 


reaction NiCl,.6H, ae NiC1,,.4H,0 
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Unfortunately, this intensity change is not well documented 
because of the difficulty of preparing Nujol mulls with quan- 
titatively identical amounts of absorbing species in the light 
path. These spectra are shown in Fig. 66. The spectra 

Shown in Fig. 52 indicate different placement of water mole- 
cules in NiC1,,.6H,0 as compared with NiC1,,.4H,0. Fudite, 
Nakamoto and Kobayashi (90) observed similar water band in 
solid aquo complexes. Although this band has not been identi- 
fied, it seems to be associated with the metal-oxygen inter- 
action and normally falls in the 300 - 500 om? region which 
is not accessible with NaCl optics. In those cases where it 
is observed in the 800 om7+ region, there is structural evi- 
dence for the presence of two kinds of water molecules, one 
eitiaced in such a. position as to be-able to iIntenactdirectly 
with the metal ion and the other in a position particularly 
favourable for hydrogen bonding. Thus, the band at 800 emt 
region has been ascribed to a kind of cooperative effect of 
coordination and hydrogen bonding responsible for shifting 

the band from its normal position. When either of these two 
conditions are absent the absorption band does not appear in 
the sodium chloride region. Consequently the appearance of 
this band should represent a sensitive test for non-coordinated 
water and an indication of two types of water molecules in the 
system. The presence of the band at 800 om7t region in the 


infrared spectrum of NiC1,,.6H,,0 is additional direct evidence 
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INFRARED ABSORPTION SPECTRA OF NICKEL CHLORIDE HYDRATES 
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for both coordinated and hydrogen bonded water in the struc- 
GUre *Or “This “material, 

The spectra at different stages of hydration are 
shown in Fig. 54, for the O-H bending region shifted in the 
transmittance scale for clear representation. For NiC1,,.6H,0 


tite ‘band at2600 enw 


is quite broad. The broadening may be 
due to strong hydrogen bonding facilitated by favourable 
opientation of water molecules ‘or overlap of two O-H bending 
modes originating from two different environments of water 
molecules in the crystal lattice. As the water content ap=- 
proaches NiCl1, .4H,0 the band becomes less diffuse and finally 
a shoulder appears at 1655 em7~ and a sharp band at 1605 om7t., 
As the water content falls below that corresponding to 
NiC1, .4H,0, the shoulder decreases in intensity and finally 
disappears at a composition corresponding to NiC1,.cH,0. The 
af 


Or NiC1,,.2H,9 is sharp and intense compared 


e 
to all other hydrates. These observations are consistent with 


band at 1605 cm 


the successive preferential disappearance of two kinds of 
modifying environments. The sharpness of the band indicates 
increasing isolation of the water molecules within the ‘struc- 
Gireed uni .*. In NiC1,,.2H,9 there is only a remote possibility 
of strong hydrogen bonding of the O-H..O type. Finally the 
progressive nature of the danges indicate that there is no 


time dependence in the interconversion between structure types. 


As a consequence one is always dealing with essentially an 
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equilibrium mixture of the two structures or at least of the 
two structural environments. 

The effect of hydrogen bonding 1s more prominent in 
the region of O-H stretching frequency than at any other fre- 
quency. It is the bands at this region that have been most 
used for correlation with other physicochemical properties 
of hydrogen bonded systems. Considerable changes take place 
in the frequency and the intensity of vibrations. The fre- 
quency shifts to smaller values from that observed for the 
free hydroxyl group and there is an increase in intensity, In 
all the nickel chloride hydrates, the frequency of the O-H 
stretching region is lower than it 1s for free O-H. Changes 
in this band seem to be easier to relate to changes in envi- 
ronment than do those in any other band. Thus, Nakamoto, Mar- 
goshes and Rundle (100) have correlated the shift in the 
Sstetching frequency with the hydrogen bond distances in a 
number ‘of compounds.. 

The prominent band maxima for the different stages 
of hydration are given in Table 24. The band positions for 
the O-H stretching regions were determined by five times 
expansion of the spectra. 

From the spectra of different hydrates it is seen 


* remain sensibly 


that the bands near 3500 om7+ and 2400 em” 
unaltered in spite of the change in composition of the solid 


from Ni01,.6H,0 to N4AC1,.2H,0, Since these bands are present 
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in NiC1,,.2H0 where hydrogen bonding of the type O-H...0 is 
less favourable on the basis of its structure than O-H...Cl, 
these may be assigned to an O-H...Cl interaction. Another 
Support for such an assignment is provided by the fact that 

an O-H,..,O0 interaction, being much stronger ‘than O-H...Cl 
interaction, would lead to a greater frequency shift than that 
observed for these bands at the same internuclear distance 
(101). The two bands can be assigned as a symmetric and anti- 
Symmetric vibrations on the basis of the observations of Van 
Thiel, Becker and Pimentel (102) in their matrix isolation 
study of the hydrogen bonding interaction of water molecules. 

An additional wand. at “3290 cmt is observed for NiC1,,.4H,0 

and one at 3135 om7 is observed for NiC1,.6H,0. The gradual 
emergence of these bands can be seen in the spectra shown in 
Figs. 54 and 55, for the gradual transformation of one hydrate 
into the next, and shows that the different hydrates of nickel 
chloride are NiC1,.6H,0, NACL, .4H,0 and NiC1,.2H,0,° and that the 
intermediates are mixtures of hydrates. As the water content 
decreases the bands in the stretching region become sharp. 

Since the sharpness of the band may be related to the extent 

of hydrogen bonding, this is a further indication of the in- 
creased importance of this kind of interaction in the more 
highly hydrated salts. Qualitatively then, the conclusions 
drawn from the infrared spectra produced by the water molecules 


in a solid metal hydrate are in agreement with the structural 
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information which is available. On this basis it might be 
possible to draw some conclusions regarding the placement 

of water in solid hydrates on the basis of the observations 
of their infrared spectra in the absence of other structural 
information. 


If the bands at 3500 cm™* and 3400 em7+ 


are :dueauo 
symmetric and antisymmetric O-H stretching vibrations in- 
fluenced by hydrogen bonding to a chloride ion, the O-H...Cl 
bond distance can be estimated from the graph given by Nakamoto, 
Margoshes and Rundle (100) for the stretching frequency as a 
function of distance in hydrogen bonds. The O-H...C1l distance 
obtained by taking the mean of the symmetric and antisymmetric 
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wibratdons «for NiC1,.6H,0, NiC1, .4H,0 and NLiC1,.2eH,9 ane 


B09 o Biekd A and.3.18 R respectively. This can be compared 
with the bond.distance observed for CoC1,,.6H,,0 which is iso- 
morphous with NiC1,,.6H,0 sles ermersa CoC1,,.6H,0 the H,0-Cl dis- 
tance is 3.22 R and in NiC1,.2H,0 (69) it is 3.17 R. The 
agreement seems to justify the assignment of this band. 


The band at 3290 em ~ 


for NiC1, .4H,0 may be assigned 
to O-H frequency influenced by O-H...O bond. This frequency 
corresponds to a distance of Lie. A. pance H,,0-H,0 distance 
in NiC1,, .4H,0 is not known it cannot be compared. 

The band at 3135 om + appears for NiC1,.6H,0. This 


may be assigned to the O-H stretching frequency influenced 


by the interaction of free water with the water coordinated 
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to. the metal ion. This frequency corresponds to an O-H...0 
distance of 2.70 R. Assuming the distance of free water to 
coordinated water in NiC1,,.6H,0 to be similar to CoCl,,.6H,0, 
the hydrogen bond distance can be compared. In CoC1,,.6H,0 (57) 
the distance of nonbonded water to the water bonded to the 
metal ion has been found to be 2,69 R. The agreement seems 

to be fairly satisfactory. 

When the crystal structure of a hydrate is not known 
and the structure of an isomorphous hydrate is known, it should 
be possible to rationalize the infrared observations in terms 
of the known ‘structure. Conversely, similarity in the infra- 
red spectra of two hydrated crystals may signify isomorphism. 
The infrared spectra of some isomorphous and nonisomorphous 
crystal hydrates are shown in Figs. 67, 68 and 69. NiC1,,.6H,0 
is isomorphous with CoC1,,.6H,0 and CoCl,,.2H,,0 with MnC1,,.2eH,0. 

Comparison of the spectra of NiC1,,.6H,0 and CoCl,. 
6H,0, shown in Fig. 67, reveals a close similarity in the 
Shape of the band. .The:-onlyvdiiference isa slight-shift in 
the positions of the bands, which is due presumably to small 
changes in the internuclear distances. The spectra of NiCl,. 
4H,0 and MnCl, .4H,,0 are shown in Fig. 68. The similarity 
in the shape of the spectra of these compounds suggests that 
they are isomorphous even in the absence of structural infor- 


mation. The spectra of NiC1,.2H,0, CoC1,.2H,0 and MnC1,,.2H,0 


are shown in Fig. 69. The similarity in the shapes of the 
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| NiCl,: 6H,0 


2 CoCl, ‘6 H,0 


TRANSMITTANCE (PERCENT) 
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FREQUENCY cm! 
INFRARED ABSORPTION SPECTRA OF NiC1,-6H,0 8 CoCl,-6H,0 
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2 MnCl, -4H,0 


3500 3250 3000 


FREQUENCY cm! 


INFRARED ABSORPTION SPECTRA OF Ni Cl,-4H,O( I ) & Mn Cl,°4H,O(2 ) 
Fig. 68 | 
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| NiCi,-2H,0 


2 CoCl,:2H,0 


3 MnCl, -2H,0 


3500 3250 S000 
FREQUENCY cm”! 
INFRARED ABSORPTION SPECTRA OF NiCI,:2H,0, CoCl,2H,0, 
& MnCl, °2H,0 
Wig. 69 
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A Ww ( 
CoCl,.cH,0 and MnCl, .2H, 


is in marked contrast with their dissimilarity to the NiCl 


O spectra is apparent. | This similarity 


2° 


2,0 BoeCUrumMs lo 18 perhaps <aignificant that.CocCl. -eHz0 ‘and 


2 2 
MnCl 20,0 are isomorphous while NiC1l..2H.O has a different 


2 re: 
erystal structure. The positions of the band maxima for the 
O-H stretching frequencies are given in Table 25, 
The infrared absorption spectra of NiC1,,.6H,0 at 
different temperatures, shown in Fig. 70, give structural 


evidence that the thermodynamic transition temperatures for 


, 2,0 


a © 


are correct (cf. Fig. 50). Evidently the spectrum at 40% 


the conversion of NiC1,.6H,0 ——y NiC1,.4H,0 ——»NICl 


possesses some contribution from NiC1, .6H,0 which is under- 
standable in view of the fact that at lower temperatures equi- 
librium is attained rather slowly, and sufficient time was 
not allowed before taking out a sample. The spectrum at 55°C 
clearly shows that it is that of NiCl,,.4H,0 and the spectrum 
at 75°C is that of Nicl,.2h,0. Also pertinent to this study 
are the observations reported in Figs. 57 and 58 of the va- 
riation of the X-ray diffraction pattern’ as the extent: of.‘de- 
hydration is changed. The patterns for the partially dehy- 
drated species can be constructed by the simple appropriate 
superposition of the patterns for the known stable hydrates. 
Thus, these studies also support the conclusion that in the 
NiC1,-4,0 system the only hydrates formed are NiCl,.6H,0, 


NiC1, .4H,0 Nato Glen Gass Fae © 
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Conclusions 


The infrared measurements which were made on Nicl,. 


6H50 have been interpreted in an earlier section of this 
discussion in terms of an O-H...0 interaction at an oxygen 

to oxygen distance of 2.70 A and an O-H,..Cl interaction at 
an oxygen to chlorine distance of 3.19 he in addition, there 
Hsian dndicatidonzef asthird.peak ini thisespectrum: (Figi250) 

p 


which is covered by the O-H...Cl peak at 3415 cm™ The pre- 


sence of this additional absorber was inferred from the ob- 


servationiithat,7in this'case, the signal até 3415 om” was 


sbrbnucert that thateais 3515 om72 whereas, for NiC1,.2H,0, when 


fe As 
these two peaks are due to O-H...Cl interactions alone, they 
are of equal intensity. When a model was made these observa- 
tions could be logically interpreted only in terms. of the 


hydrogen positions shown in Bdgs) 7a 


"a : O 
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The Position of Hydrogen in NiCl,.6H,0 
Estimated on the Basis of Infrared Observation 
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This model indicates that there are two kinds of O-H...Cl 
interaction. One with a chlorine in the same molecular or 
coordinate unit and the other with a chlorine of an adjacent 
molecular lattice unit (e.g. Ni(H,0) C15). The distances in- 
volved in both of these are substantially indentical (97), 

and give good agreement with the estimated distance of 3.19 A. 
Thus, this hydrogen bond makes a small contribution toward 
maintaining the lattice unit within the crystalline species. 
It would further appear that there are two kinds of O-H...0 
interactions. The first of these corresponds to the inter- 
action of the hydrogens of the interstitial water molecuie(ITI) 
with the oxygens of the inner sphere water molecules. The 
Spacing of the octahedra with respect to one another and to 
the interstitial water molecule makes the angle O(I) - O(II) - 
O(I) = 101° and this of course allows the formation of un- 
Strained hydrogen bonds of the type described. The distances 
involved (97), are also in agreement with the 2.70 A estimated 
previously. The second of these interactions also involves 
the interstitial water molecule. This time it is the oxygen 
of the interstitial water molecule interacting with a hydro- 
gen from an inner sphere water molecule of an adjacent octa- 
hédral lattice unit as shown in Fig. 71. In this case the 
oxygen to oxygen distance is actually 3.3 R and in addition 
the hydrogen bond is bent at an angle of about 120°, Both of 


these factors would cause the O-H...0 interaction to be less 
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than in the previous case and where this is true the absorp- 
tion maximum for the hydrogen bond is expected to fall at 
higher frequency. This then could be the postulated additional 
absorber at 3415 bm, ‘Theses ties hydrogen bonds, forme by 
each interstitial water molecule, perform dual functions. 
they serve, av wWeast partially, to maintain the lattice. struc- 
ture and, again at least partially, to hold the water molecules 
within the lattice, Both of these interactions will ultimately 
be of importance. However, let us first consider ‘the problem 
of the binding of the water molecules within the lattice, 
~he‘energy terms which are involved canbe ‘divided into roughly 
four classes. They are dipole-dipole attraction to other water 
molecules, lon-dipole attraction to the nickel ions, ion- 
dipole attraction to the chloride ions and van der Waal's re- 
pulsion effects. Using the procedure described by Garrick 
(103) these various terms were evaluated for a single water 
molecule and shown to be -16 Keal/mole, -20 Keal/mole, +5 Keal/ 
mole and +3.5 Keal/mole. Then, assuming that no rearrangement 
of the lattice occurred, 2/.5 Keal would be required to-re- 
move a single mole of water from the hexahydrate. This repre- 
Sents a crude, but perhaps not unrealistic value. An attempt 
will now be made to compare this value with a value obtained 
from the data of the present work. 

The problem of the evaluation of the binding energy 


of the interstitial water molecules was attacked through the 
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the following cycle. 


NiC1,.6H0(,) == Ni (H50)€/,) Heel (a Us 
NiC1,.4H,0(,) == Ni (H59) ii 5) + BOT / jy Uy 
SE es Ni(H,0)£'aq + 2Cl7aq He 
ea (n+2)H,0 — Ni (H,0)ttaq + 2Cl7aq Hy 
2H50( 4) —2H30(,) H 


From these equations the following can be obtained; 


ae) N4(H30) nt) + 2H50(,) EB = Uy-Upgtle+Hj +H, 


The required values for He and Hy have been deter- 
mined experimentally. Hence, the only doubtful feature of the 
portion of the cycle is involved in the cancellation of the 
solution phases corresponding to the two Aotirions: This has 
been shown to be justifiable in the section where the results 
of the vapour pressure-composition measurements on the system 
NiC1,-H,O0-en were discussed. The heat of vaporization of wa- 
ter He / 2 was obtained from the literature (104). ° The only 
quantities which remain to be estimated are Ug and U,. These 
are the lattice energies of NiC1, .6H50 and NiC1,.4H,0 which 
are defined as the energy change in the process of bringing the 


ions infinitely separated from one another to the position 
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they occupy in the crystal. 

Born and Lande (105, 106) assumed that in addition 
to Coulombic attractions between the ions there are instrinsic 
repulsive forces which change rapidly with distance. Thus, 
the potential function of a system consisting of two ions at 


a distance 'r' apart may be written as: 


2 and a5 are valences ‘of the ions 
e is the unit of electrical charge 
b and n are constants. 

This potential function is to be regarded as a first 
approximation only. The van der Waal's attractive forces, 
forces due to polarization and contributions due to induced 
dipole moments have been neglected. 

The methods proposed for the calculation of lattice 
energies may be conveniently classified as extended classical 
calculations in which Madelung, repulsive, dispersion, zero- 
point and permanent electrical multipole energy terms are 
taken into account, Kapustinskii and Templeton approximations, 
quantum mechanical prediction, and hydration enthalpies. Di- 
rect determination is possible in a few cases. These methods 
have been extensively reviewed by Sherman (107) and Waddington 
(108) and in recent years the calculation of lattice energies 


has attracted considerable attention (109 - 124). 
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Examination of Fig. 62 reveals that for the hexahy- 


drate the arrangement of chloride ions. in relation to the 


nickel tons is such that a distorted cadmium chloride layer 


structure is ‘produced. The distortion is ‘such that the polar 


chlorides are closer to the nickel tons than are the planar 


chlorides and the axis of the polar chlorides 


makes an angle 


! 
of 122°10 with the planar chlorides. As a first approximation 


then, it should be possible to treat this system:as ‘a cadmium 


chloride layer lattice. On the basis of this 


assumption the 


development suggested by Katzin and Ferraro was adopted (120, 


121). The lattice energies were calculated from the molecu- 


lar volume parameter, viz. 


u = 279.0(p/n)?/3 aca -= 


where p = density of the crystalline compound 
M = molecular weight of the compound 
A = Madelung constant 


n is related to the ionic repulsion term 


and is of the order of magnitude of 10. 


0.345 
R 


The term 'n' has been replaced by where 
distance parameter (in eas as proposed 
de Boer (125). Katzin and Ferraro (120) made 
substitution of replacing R by 10°/(3. x 6,023 
i.e. R= cube root of the mean tonic volume. 


Thus the equation reduces to: 
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Thus,.the only experimentally determined parameter 
which is required is the density of the solid phase. The den- 
Buy: OL NiC1,,.6H,0 has been found to be 1.921 by Mizuno (97). 
Introduction of this value for the density and the value 6.21 
for A in the equation leads to the value shown in column 2 of 


Table 28 for the lattice energy of NiC1,,.6H,0. 


TABLE 28 


Lattice Energy Values of Nickel Chloride 


Hydrates 
U_(Keal/mole) U corrected 
NiC1,,.6H,0 318 Seu 
NiCl, .4H,0 365 S51. 
NiCl,.2H,0 412 4Oe 
NiCcl, 488 488 


Values for the lattice energies for the tetra-and 
dihydrates and the anhydrous salt obtained by this same pro- 
cedure are also shown in Table 28. In obtaining these values, 
use has been made of the known cadmium chloride structure for 
anhydrous nickel chloride and of the cadmium chloride-like 
structure for nickel chloride dihydrate. It has also been as- 


sumed that the structure of nickel chloride tetrahydrate is 
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obtained from that of nickel chloride hexahydrate without major 


Peorgatteetion of the lattice units as shown in Fig..56, and 


System also. The densities of these systems were therefore 
Pecuic~ea, “lhe density of nickel-chloride dihydrate was found 
to be 2.56 by Vainshtein (99) and for NiCl, to be 3.55 (1268; 
The only unknown density is that of NiCl, .4H,0. It was found 
thea there is, vO a Tirsv approximation, a linear relationship 
between densities of CoC1,.6H,0, CoCl,, .4H,,0 and CoCl,.2H,0 
with the number of water molecules (120) as shown in Fig. 72 
(1). Assuming this to be valid the density of NiC1, .4H,0 was 
interpolated from the plot of densities of NiCl,.6H,0 and 
NiC1,.2H,O against water content and found to be 2.24 as 
sHowniin Pig. 72(2). 

The lattice energies shown in column 2 of Table 28 
represent the energies of disruption of an anhydrous system 
into nickel(IZ) ions and chloride ions and should be in error 
by the- contribucion which the water“molecules make to @he 
stability of the lattice. An effort must then be made to ap- 
Oly appropriate corrections in«order:to bring “the lattice 
energies in line with reality. 

Individual Ni(H,0))Cl, units are held in the lattice 
Uy inter-unilt forces of the 0-H...Cl, O-H...0 and Nis. .0 


types. .This is, of course, in addition to the ore. Cl 


forces which have already been accounted for. Examination of 
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Fig. 62, or more clearly of a model, reveals that the factors 
involved are 2 bent O-H...0O bonds at a distance of 3.3 A, 4 
iinear O-H,..O bonds at a snasenas of KactO R, 4 nearly linear 
O-H...Cl bonds at a distance of 3.19 A, 2 Ni...H,0 bonds at 
a-distance of 4,05 A, and 8 Cl...0H, repulsion terms at a 
distance of 3.15 A, By applying the pure electrostatic pro- 
cedure of Garrick (103), in just the way used previously in 
this discussion, these terms amount to a correction of +15 
Keal/mole of Ni(H,0) ¢Cl,. Once this unit has been produced 
there still remain 4 0-H,..Cl bonds at 3.17 & and 8 C1...0H, 
repulsions at 3.17 A to be taken into account. These are 
estimated to be +8 Keal and -20 Keal respectively. Thus, the 
net result is that the calculated lattice energy for nickel 
chloride hexahydrate should be corrected by the addition 

3 Keal/mole. This corrected value is shown in column 83 of 
Table 28. In a similar way corrections may be applied to the 
Lattice ‘energies of the other hydrates. The ‘correction for 
the tetrahydrate is less certain since the exact positions of 
the atoms are not known. However, the interaction terms 
.being considered are not strongly dependent upon the Gietence. 
at these internuclear separations. Hence the value deduced 
is based upon the structure of Fig. 63 in which water mole- 
cules have been lost from the interstitial positions and 
the Ni(H,0) Cl, octahedra have moved closer together along 


the c axis. The estimated correction is -14 Kceal. The 
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corresponding correction for the more precisely understood 
dihydrate structure is -10 Kcal. 

These values may now be introduced into the thermo- 
chemical cycle described above. The cycle is shown below for 
the hexa-to tetrahydrate transformation, 


a} 


T — 1 i > 
Uy - Up + He - Hy + HY 


S51. = jel + 1.46 = 1,14 4 21.6 


BO vKoa. . 


il 


The value of 52 Keal for the removal of ‘the pair-of 
interstitial water molecules is in remarkable agreement with 
that estimated above for the energy of removal of the pair of 
interstitial water molecules (55 Kealyy “Inefact) this*order 
of agreement is likely fortuitous. Nevertheless, it does 
indicate that the general procedure is a valid one, and that 
it 1s applicable to the tetra- to dihydrate transformation 
to yield information about the bond energy of the directly co- 
ordinated water molecules. Upon substitution of the data 
into the cycle a value of 79.5 Kcal is obtained for the bind- 
ing of the third and fourth water molecules in the solid hy- 
drate. It is unfortunate that a trihydrate was not available 
so that individual values*of the binding ‘energy for the third 
and fourth water molecules could have been obtained. Even 
so, the average value of 40 Kcal for the binding energy of 


Single water molecules is not in unreasonable agreement with 
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the 50 Kcal which is expected (121, 127). The somewhat low 
value is undoubtedly related to the extra repulsion terms 
due to the Inelusion of chloride tons in the,orlginal octa- 
hecra,, 

Summary 

The modes of decomposition of the hydrates of 
nickel chloride have been examined and it has been shown that 
all of the observed phenomena can be explained on the basis 
of three stable hydrates. These are NiCl,.6H,0, NiCl1,,.4H,0 
and NiCL,,.cH,0. The decomposition of these appears to pro- 
ceed through displacement reactions in which chloride ions 
from adjacent structural units move in to take the lattice 
positions vacated by the outgoing water molecules. The rate 
determining step for the decomposition then appears to be the 
qdifrlusion.e: the water molecules to the surface from the in- 
terior or the evaporation of the water from the surface. 
These two processes appear to be of comparable magnitudes but 
at low humidities the former appears to govern whereas at 
high humidities it is the latter which governs. 

The energetics of the decomposition have led to 
values for the heats of formation and heats of solution of 
the hydrates. These latter values have then been used to es- 
timate a reasonable value for the energy of binding of water 
molecules in an unsymmetrical octahedral complex. This value 


is of interest in connection with studies of the rates of ex- 


change of water molecules in such unsymmetrical environments. 
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